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Abstract	  
	   	  
Whole	  genome	  sequencing	  (WGS)	  is	  the	  most	  discriminatory	  of	  typing	  methods	  
and	  can	  provide	  additional	  information	  including	  virulence,	  antigen	  targets	  for	  vaccine	  
development,	  and	  antimicrobial	  resistance	  profiles.	  The	  first	  part	  of	  this	  study	  aimed	  to	  
determine	  the	  application	  of	  WGS	  as	  a	  genotyping	  method	  for	  Campylobacter	  by	  
comparing	  WGS	  to	  two	  commonly	  used	  genotyping	  methods,	  Pulsed-­‐field	  gel	  
electrophoresis	  (PFGE)	  and	  flaA	  typing.	  Five	  Campylobacter	  strains	  isolated	  from	  
conventional	  and	  organic	  poultry,	  and	  five	  additional	  isolates	  with	  published	  genomes	  
were	  compared	  using	  the	  three	  methods.	  A	  total	  of	  8	  PFGE	  patterns	  and	  8	  flaA	  alleles	  
were	  identified	  from	  the	  10	  strains.	  Not	  surprisingly,	  WGS	  was	  more	  discriminatory	  than	  
the	  other	  two	  methods	  and	  identified	  distinct	  differences	  among	  all	  ten	  isolates	  
including	  genome	  size,	  G-­‐C%	  content,	  and	  distribution	  of	  genes.	  Additionally,	  WGS	  
revealed	  a	  number	  of	  virulence	  factors,	  including	  antibiotic	  and	  heavy	  metal	  resistance.	  
Interestingly,	  genes	  coding	  for	  resistance	  to	  antibiotics	  were	  present	  in	  both	  
conventional	  and	  organic	  isolates,	  but	  only	  conventional	  isolates	  possessed	  resistance	  to	  
arsenic.	  The	  second	  part	  of	  this	  study	  aimed	  to	  understand	  the	  differences	  in	  resistance	  
in	  organic	  and	  conventional	  isolates	  and	  determine	  if	  roxarsone,	  an	  organoarsenical	  
coccidiostat	  used	  in	  poultry	  production,	  selected	  for	  arsenic	  resistance	  
in	  Campylobacter.	  Eighty-­‐two	  isolates	  of	  Campylobacter	  were	  collected	  from	  246	  retail	  
organic	  and	  conventional	  chickens	  from	  2009	  to	  2010	  prior	  to	  the	  roxarsone	  withdrawal.	  
In	  2013	  and	  2014,	  an	  additional	  65	  isolates	  were	  collected	  from	  120	  retail	  organic	  and	  
	   iv	  
conventional	  chickens,	  after	  the	  roxarsone	  withdrawal.	  PCR	  determined	  the	  presence	  of	  
arsenic	  resistance	  (ars)	  genes	  arsC,	  acr3,	  arsB,	  arsP,	  and	  arsR	  and	  agar	  dilution	  MICs	  
were	  conducted	  to	  determine	  levels	  of	  resistance.	  Presence	  of	  arsP,	  arsC,	  and	  acr3	  were	  
significantly	  correlated	  to	  isolates	  from	  conventional	  chickens	  pre-­‐roxarsone	  withdrawal	  
(Pre-­‐RW)	  and	  these	  isolates	  had	  higher	  resistance	  to	  all	  arsenic	  compounds	  tested,	  
compared	  to	  those	  from	  organic.	  Post-­‐RW	  isolates	  retained	  arsenic	  resistance	  genes,	  
but	  an	  overall	  reduction	  in	  arsenate	  and	  roxarsone	  MICs	  was	  observed.	  It	  appears	  that	  
despite	  the	  removal	  of	  the	  selective	  pressure	  of	  roxarsone,	  Campylobacter	  retains	  genes	  
that	  confer	  arsenic	  resistance.	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Introduction	  
Campylobacter	  is	  a	  leading	  cause	  of	  human	  foodborne	  gastroenteritis	  and	  one	  of	  the	  
leading	  sources	  of	  human	  campylobacteriosis	  is	  the	  consumption	  or	  handling	  of	  
contaminated	  poultry	  meat	  products.	  It	  has	  been	  reported	  that	  nearly	  90%	  of	  chicken	  
flocks	  in	  the	  United	  States	  are	  colonized	  by	  C.	  jejuni,	  and	  many	  of	  those	  flocks	  that	  are	  
positive	  for	  Campylobacter	  become	  100%	  positive	  within	  several	  days.	  Levels	  of	  
colonization	  have	  been	  reported	  up	  to	  109	  cfu	  per	  gram	  of	  intestinal	  contents.	  Carcass	  
levels	  of	  contamination	  have	  been	  reported	  to	  vary	  from	  102	  to	  105	  cfu	  per	  carcass.	  
Given	  these	  contamination	  levels	  and	  because	  Campylobacter	  has	  a	  low	  infectious	  dose	  
of	  about	  500	  cells,	  poultry	  and	  poultry	  products	  pose	  a	  high	  risk	  of	  Campylobacter	  
infection	  to	  humans.	  	  
Production	  of	  poultry	  can	  be	  divided	  into	  two	  main	  rearing	  styles,	  conventional	  and	  
organic.	  In	  conventional	  poultry	  production,	  also	  known	  as	  intensive	  rearing,	  birds	  are	  
raised	  in	  enclosed,	  high	  density	  housing	  for	  approximately	  five	  to	  six	  weeks	  before	  
slaughter.	  Additionally,	  the	  use	  of	  most	  antibiotics	  and	  coccidiostats	  to	  treat,	  control,	  or	  
prevent	  disease	  is	  approved	  for	  conventional	  poultry	  practices.	  In	  contrast,	  organic	  
practices	  preclude	  the	  use	  of	  antibiotics	  and	  coccidiostats,	  although	  vaccines	  are	  
allowed.	  Organic	  production	  requires	  that	  the	  birds	  have	  access	  to	  the	  outdoors	  and	  
generally	  involves	  a	  lower	  density	  population.	  The	  average	  rearing	  period	  is	  
approximately	  twice	  as	  long	  as	  conventional	  production,	  at	  73	  days.	  These	  differences	  in	  
	   2	  
production	  have	  been	  demonstrated	  to	  impact	  the	  phenotypic	  and	  genotypic	  
characteristics	  of	  Campylobacter.	  	  	  	  
Typing	  Campylobacter,	  using	  phenotypic	  and	  genotypic	  analyses,	  is	  an	  important	  aspect	  
of	  epidemiological	  studies	  undertaken	  to	  trace	  sources	  and	  routes	  of	  transmission,	  
identify	  and	  monitor	  geographical	  and	  temporal	  characteristics,	  and	  to	  develop	  control	  
strategies.	  Multiple	  typing	  methods	  have	  been	  applied	  including	  antibiotic	  resistance,	  
phage	  typing,	  serotyping,	  and	  several	  genetic	  based	  methods.	  Although	  genetic	  typing	  
methods	  are	  becoming	  more	  popular,	  utilization	  of	  multiple	  methods	  has	  become	  
necessary	  due	  to	  the	  enormous	  genetic	  variation	  of	  C.	  jejuni.	  With	  the	  advances	  in	  
whole	  genome	  sequencing,	  a	  parallel	  view	  of	  multiple	  genomes	  is	  possible,	  which	  makes	  
it	  a	  viable	  option	  for	  typing	  isolates	  in	  epidemiologic	  studies.	  Additionally,	  this	  approach	  
offers	  information	  beyond	  typing,	  including	  essential	  genes	  for	  infection	  and	  resistance.	  
Specific	  to	  this	  study,	  variation	  in	  arsenic	  resistance	  between	  Campylobacter	  isolates	  
from	  conventional	  and	  organic	  poultry	  was	  identified.	  	  
Roxarsone	  (3-­‐nitro-­‐4-­‐hydroxyphenylarsonic	  acid)	  is	  an	  organoarsenical	  coccidiostat	  that	  
was	  initially	  used	  in	  conventionally	  reared	  poultry	  and	  swine	  as	  a	  growth	  promoter	  and	  
a	  way	  to	  improve	  pigmentation.	  In	  poultry	  production,	  the	  majority	  of	  roxarsone	  is	  
excreted	  into	  the	  litter,	  unchanged,	  where	  it	  can	  be	  biotransformed	  to	  inorganic	  forms.	  
Because	  chickens	  are	  coprophagic,	  they	  can	  ingest	  the	  inorganic	  arsenic.	  In	  2009,	  the	  
FDA	  began	  a	  study	  on	  roxarsone	  after	  questions	  were	  raised	  as	  to	  whether	  or	  not	  this	  
conversion	  into	  the	  toxic,	  inorganic	  forms	  of	  arsenic	  occurs	  and	  to	  what	  extent	  arsenic	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can	  be	  found	  in	  poultry	  products.	  After	  testing,	  the	  FDA	  advised	  Pfizer	  to	  voluntarily	  
stop	  sales	  in	  2011,	  to	  which	  Pfizer	  complied.	  Therefore,	  since	  2011,	  poultry,	  and	  by	  
extension	  their	  gut	  microflora,	  have	  not	  been	  exposed	  to	  roxarsone.	  	  
Roxarsone	  and	  the	  bioconverted	  compounds	  are	  also	  toxic	  to	  bacteria,	  including	  
Campylobacter.	  The	  ars	  operon	  and	  the	  arsB	  gene	  confer	  resistance	  to	  inorganic	  arsenic	  
compounds.	  Antibiotic	  selective	  pressure	  typically	  selects	  for	  resistant	  bacteria,	  and	  
discontinued	  use	  of	  antibiotics	  can	  result	  in	  susceptible	  populations	  of	  bacteria.	  
However,	  data	  indicate	  that	  even	  in	  the	  absence	  of	  selective	  pressure,	  fluoroquinolone	  
resistance	  in	  C.	  jejuni	  confers	  a	  fitness	  advantage	  and	  susceptible	  populations	  are	  
outcompeted	  by	  resistant	  genotypes.	  It	  is	  unknown	  whether	  the	  withdrawal	  of	  
roxarsone	  and	  lack	  of	  the	  selective	  pressure	  for	  arsenic	  resistant	  Campylobacter	  
influenced	  the	  presence	  and	  functionality	  of	  arsenic	  resistance	  genes.	  	  To	  address	  this	  
question,	  Campylobacter	  isolates	  were	  collected	  from	  retail	  chicken	  carcasses	  prior	  to	  
and	  after	  the	  roxarsone	  withdrawal.	  The	  isolates	  were	  evaluated	  for	  the	  presence	  of	  
arsenic	  resistance	  genes	  and	  functionality	  assessed	  using	  minimum	  inhibitory	  
concentration	  (MIC)	  and	  gene	  expression	  assays.	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EMERGENCE	  OF	  CAMPYLOBACTER	  AS	  A	  FOODBORNE	  PATHOGEN	  
Theodor	  Escherich	  is	  credited	  with	  the	  discovery	  of	  Campylobacter	  in	  1886	  
(Altekruse	  et	  al.,	  1999).	  	  Escherich	  was	  examining	  the	  cause	  of	  diarrhea	  in	  newborns	  and	  
identified	  Campylobacter-­‐like	  bacteria	  in	  their	  feces.	  In	  1909,	  McFadyean	  and	  Stockman	  
found	  similar	  bacteria	  in	  the	  tissues	  of	  aborted	  sheep	  fetuses.	  At	  the	  time,	  it	  was	  
believed	  to	  be	  a	  related	  Vibrio	  spp.	  due	  to	  its	  spiral	  morphology	  and	  referred	  to	  as	  Vibrio	  
fetus	  because	  of	  its	  association	  with	  aborted	  fetuses	  in	  sheep	  and	  cattle.	  In	  1947,	  the	  
first	  case	  of	  a	  human	  abortion	  caused	  by	  Vibrio	  fetus	  was	  reported	  (Vincent,	  1947).	  In	  
1957,	  Elisabeth	  King	  studied	  the	  first	  human	  cases	  of	  Vibrio	  fetus	  and	  “related	  vibrio”	  
infection	  (King,	  1957).	  However,	  it	  wasn’t	  until	  1972	  when	  a	  Belgian	  group	  added	  sheep	  
blood,	  polymixin-­‐B-­‐sulfate,	  novobiocin,	  and	  actidione	  to	  fluid-­‐thioglycolate-­‐agar	  that	  
isolation	  of	  “related	  vibrio”	  from	  stool	  was	  possible	  (Dekeyser	  et	  al.,	  1972).	  	  Shorty	  after,	  
in	  1973,	  Campylobacter	  jejuni	  and	  coli	  were	  finally	  recognized	  as	  new	  species	  distinct	  
from	  Vibrio	  (Skirrow,	  1977).	  	  
Campylobacter	  has	  since	  become	  one	  of	  the	  leading	  causes	  of	  bacterial	  
gastroenteritis	  in	  the	  United	  States	  (Scallan	  et	  al.,	  2011).	  It	  causes	  an	  estimated	  845,024	  
cases	  each	  year	  and	  approximately	  17%	  result	  in	  hospitalization.	  Many	  of	  the	  cases	  go	  
unreported	  due	  to	  the	  relatively	  mild	  symptoms,	  which	  include	  diarrhea,	  cramping,	  
abdominal	  pain,	  and	  fever.	  Nausea	  and	  vomiting	  can	  also	  occur	  with	  this	  illness.	  Guillain-­‐
Barré,	  reactive	  arthritis,	  and	  irritable	  bowl	  syndrome	  have	  been	  recognized	  as	  sequelae	  
of	  Campylobacter	  infections	  (WHO,	  2012).	  This	  means	  that	  a	  relatively	  simple	  foodborne	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illness	  can	  ultimately	  leave	  an	  individual	  with	  a	  life	  altering	  condition.	  These	  factors	  
make	  understanding	  and	  control	  of	  Campylobacter	  a	  prime	  focus	  for	  research.	  	  
SPECIES	  AND	  STRAIN	  VARIATION	  
Understanding	  Campylobacter	  begins	  with	  determining	  where	  it	  can	  be	  found	  in	  
the	  environment.	  Its	  major	  reservoir	  is	  within	  the	  gastrointestinal	  tract	  of	  animals,	  
including	  both	  domesticated	  and	  wild	  animals.	  It	  is	  most	  commonly	  associated	  with	  
poultry.	  With	  chicken	  consumption	  being	  between	  54	  and	  60	  pounds	  per	  capita	  from	  
2000	  to	  2012	  (USPoultry,	  2012),	  this	  creates	  a	  very	  large	  potential	  for	  human	  exposure	  
and	  infection.	  Campylobacter	  has	  also	  been	  found	  in	  swine	  and	  cattle.	  Even	  though	  E.	  
coli	  is	  generally	  considered	  of	  more	  concern	  for	  the	  cattle	  industry	  than	  Campylobacter,	  
campylobacteriosis	  has	  been	  linked	  to	  consumption	  of	  raw	  milk.	  As	  raw	  milk	  is	  
becoming	  popular	  among	  co-­‐ops	  and	  people	  that	  believe	  it	  offers	  better	  nutrition,	  it	  is	  
also	  becoming	  a	  more	  important	  reservoir	  for	  Campylobacter.	  Water	  is	  an	  additional	  
source	  of	  infection,	  though	  not	  considered	  to	  be	  as	  large	  as	  that	  of	  animals.	  Within	  
animal	  reservoirs,	  Campylobacter	  is	  not	  known	  to	  cause	  disease	  and	  is	  considered	  to	  be	  
a	  commensal	  organism	  in	  the	  chicken	  gastrointestinal	  tract.	  	  
It	  has	  been	  suggested	  that	  the	  genome	  of	  Campylobacter	  could	  contain	  host	  
specific	  genes	  or	  allelic	  variants,	  or	  possibly	  correlate	  them	  to	  an	  isolation	  source	  
(Champion	  et	  al.,	  2005).	  Analysis	  of	  strain	  and	  species	  phylogeny	  has	  yielded	  varying	  
results.	  Champion	  and	  others	  identified	  two	  clades	  of	  Campylobacter,	  one	  associated	  
with	  livestock	  and	  one	  associated	  with	  environmental	  isolates	  (non-­‐livestock).	  Hepworth	  
and	  others	  (2011)	  evaluated	  80	  strains	  of	  Campylobacter	  jejuni	  from	  various	  sources,	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including	  water,	  wild	  birds,	  wild	  animals,	  chickens,	  cattle,	  and	  humans	  and	  found	  a	  
similar	  clonal	  complex	  distribution.	  They	  identified	  a	  “water/wildlife”	  group	  and	  a	  “food-­‐
chain-­‐associated”	  group.	  A	  specific	  clonal	  group	  (ST-­‐3704)	  was	  also	  found	  only	  within	  
bank	  voles,	  indicating	  a	  niche	  specialization	  and	  a	  host-­‐specific	  sequence	  type.	  The	  bank	  
vole	  sequence	  type	  was	  unable	  to	  colonize	  a	  chicken	  gut,	  which	  supports	  the	  hypothesis	  
of	  niche	  specialization.	  While	  these	  strains	  could	  not	  colonize	  a	  chicken	  gut,	  it	  was	  not	  
determined	  if	  they	  could	  infect	  human	  intestinal	  cell,	  and	  potentially	  cause	  human	  
disease.	  They	  also	  found	  that	  water	  and	  wildlife	  isolates	  all	  clustered	  together	  separate	  
from	  the	  other	  clonal	  complexes,	  which	  indicated	  a	  divergence	  of	  these	  strains	  from	  the	  
more	  common	  clonal	  complexes.	  	  	  
While	  Hepworth	  and	  others	  found	  isolates	  with	  niche-­‐specific	  sequence	  types,	  a	  
broad	  study	  by	  Gripp	  and	  others	  (2011)	  investigated	  the	  phylogeny	  of	  300	  
Campylobacter	  jejuni	  and	  173	  Campylobacter	  coli	  strains.	  In	  the	  course	  of	  their	  study,	  
they	  investigated	  the	  clonal	  group	  ST-­‐21	  in	  depth.	  They	  had	  two	  genetically	  similar	  C.	  
jejuni	  strains	  of	  ST-­‐21	  from	  two	  different	  isolation	  sources,	  chicken	  and	  human.	  To	  
determine	  if	  there	  was	  host	  specificity	  for	  these	  two	  isolates,	  they	  examined	  their	  ability	  
to	  colonize	  the	  chicken	  gut.	  Both	  strains	  were	  able	  to	  efficiently	  colonize	  the	  chicken	  
gut,	  though	  the	  human	  isolate	  to	  a	  1	  log	  lower	  cell	  density.	  Through	  the	  course	  of	  their	  
study,	  they	  were	  unable	  to	  determine	  host	  or	  isolation	  specific	  genes	  or	  phenotypes,	  
which	  led	  them	  to	  conclude	  that	  most	  dominant	  sequence	  types	  of	  Campylobacter	  
exhibit	  a	  “generalist	  lifestyle”.	  They	  hypothesized	  some	  strains	  have	  contingency	  genes	  
that	  allow	  them	  to	  adapt	  to	  various	  environments.	  The	  ability	  to	  adapt	  to	  diverse	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environments	  would	  give	  a	  distinct	  advantage	  over	  other	  strains	  and	  lends	  support	  to	  
the	  fact	  that	  they	  are	  the	  dominant	  sequence	  types.	  Niche-­‐specialization,	  while	  
enhancing	  the	  fitness	  within	  that	  environment,	  limits	  the	  organism	  to	  adapt	  to	  novel	  
environments	  and	  conditions.	  	  
	   Campylobacter	  spp.	  are	  naturally	  competent,	  allowing	  acquisition	  of	  foreign	  DNA.	  
It	  has	  been	  demonstrated	  that	  simple	  co-­‐culturing	  of	  two	  C.	  jejuni	  strains	  is	  enough	  to	  
induce	  transformation	  (Wassenaar,	  Fry,	  and	  van	  der	  Zeijst,	  1995).	  Campylobacter	  has	  
also	  been	  found	  to	  exchange	  genetic	  information	  between	  species	  (Meinersmann	  et	  al.,	  
2002).	  This	  is	  especially	  true	  for	  C.	  jejuni	  and	  C.	  coli	  (Meinersmann	  et	  al.,	  2003,	  Schouls	  
et	  al.,	  2003,	  Miller	  et	  al.,	  2006,	  and	  Chan,	  Elhanafi,	  and	  Kathariou,	  2008).	  Sheppard	  and	  
colleagues	  (2008)	  examined	  the	  evolution	  of	  Campylobacter	  coli	  and	  found	  indications	  
of	  convergence	  between	  a	  clade	  of	  C.	  coli	  and	  C.	  jejuni.	  They	  hypothesized	  that	  if	  this	  
trend	  continues,	  the	  agriculture-­‐associated	  C.	  coli	  clade	  1	  will	  eventually	  be	  
indistinguishable	  from	  C.	  jejuni	  and	  that	  there	  is	  potential	  for	  the	  other	  clades	  to	  
converge	  as	  well	  and	  result	  in	  despeciation.	  Further	  research	  by	  Sheppard	  and	  
colleagues	  (2010	  and	  2013),	  found	  that	  clade	  1	  was	  associated	  with	  agriculture,	  whereas	  
clades	  2	  and	  3	  were	  associated	  with	  waterfowl	  and	  water	  sources.	  Sheppard	  and	  
colleagues	  (2010)	  also	  found	  that	  C.	  coli	  clade	  1	  is	  responsible	  for	  all	  C.	  coli	  human	  illness	  
cases.	  Their	  explanation	  for	  this	  is	  that	  humans	  are	  exposed	  more	  to	  agricultural	  sources	  
of	  C.	  coli	  than	  water	  and	  wildlife	  sources.	  	  Agriculture	  itself	  is	  another	  explanation	  for	  
the	  convergence	  of	  C.	  coli	  clade	  1	  and	  C.	  jejuni,	  as	  they	  are	  exposed	  to	  one	  another	  
more	  often	  in	  the	  agriculture	  environment	  and	  therefore	  have	  more	  opportunities	  for	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horizontal	  gene	  transfer.	  	  
C.	  jejuni	  NCTC	  11168	  was	  the	  first	  published	  genome	  of	  the	  C.	  jejuni	  species	  
(Parkhill,	  2000).	  This	  sequence	  has	  since	  been	  referred	  to	  as	  NCTC	  11168-­‐GS,	  for	  
genome	  sequenced,	  and	  has	  become	  the	  genomic	  reference	  for	  the	  species	  (Thomas	  et	  
al.,	  2014).	  	  Skirrow	  originally	  isolated	  the	  strain,	  in	  1977,	  from	  a	  diarrhetic	  patient	  
(Skirrow,	  1977).	  A	  colonization	  study	  of	  11168-­‐GS	  by	  Ahmed	  and	  others	  (2002)	  found	  
that	  it	  could	  not	  colonize	  chickens	  as	  efficiently	  as	  81116,	  another	  strain	  isolated	  from	  a	  
human	  source.	  They	  also	  determined	  this	  inefficiency	  was	  inherent	  to	  the	  strain,	  as	  it	  
could	  not	  be	  augmented	  by	  in	  vivo	  passage.	  Gaynor	  and	  others	  (2004)	  examined	  the	  
original	  Skirrow	  isolate,	  NCTC	  11168-­‐O	  (original),	  in	  comparison	  to	  11168-­‐GS	  and	  found	  
that	  11168-­‐O	  is	  a	  much	  better	  colonizer	  than	  the	  sequenced	  strain.	  This	  result	  and	  
subsequent	  characterization	  of	  the	  two	  variant	  strains	  indicates	  that	  simple	  storage	  and	  
passage	  of	  Campylobacter	  can	  cause	  it	  to	  mutate.	  The	  same	  year,	  Carrillo	  and	  others	  did	  
a	  similar	  comparison	  between	  the	  original	  11168	  strain	  and	  the	  11168-­‐GS	  strain	  (Carrillo	  
et	  al.,	  2004).	  However,	  the	  original	  11168	  strain	  had	  been	  passed	  regularly	  since	  it’s	  
original	  procurement	  and	  had	  since	  become	  a	  variant	  strain,	  11168-­‐V26.	  The	  results	  
from	  their	  study	  again	  indicated	  that	  passage	  of	  a	  strain	  within	  a	  laboratory	  setting	  not	  
only	  altered	  the	  genetics	  of	  the	  strain	  enough	  to	  make	  it	  a	  variant,	  but	  also	  caused	  it	  to	  
be	  less	  efficient	  as	  a	  colonizer	  in	  the	  chicken	  gut.	  Cooper	  and	  others	  (2013)	  found	  that	  
motility	  of	  11168-­‐O	  was	  reduced	  by	  25%	  after	  10	  in	  vitro	  passages.	  In	  a	  recent	  study	  by	  
Thomas	  and	  others	  (2014),	  an	  individual	  working	  with	  Campylobacter	  jejuni	  became	  
infected	  and	  analysis	  of	  the	  stool	  sample	  isolate	  found	  that	  it	  was	  indistinguishable	  from	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11168-­‐GS	  and	  a	  variant	  laboratory	  passage	  strain	  of	  11168	  (11168-­‐V26)	  using	  a	  40	  gene	  
comparative	  genomic	  fingerprinting	  method.	  Whole	  genome	  sequencing	  found	  that	  the	  
individual	  had	  been	  infected	  with	  the	  genome-­‐sequenced	  variant,	  11168-­‐GS.	  It	  was	  also	  
discovered	  that	  the	  strain	  had	  undergone	  twelve	  indel	  mutations	  within	  contingency	  
genes.	  Passage	  of	  the	  11168-­‐GS	  variant	  (isolated	  from	  the	  patient)	  through	  a	  mouse	  
caused	  additional	  genetic	  mutations	  and	  two	  identified	  SNPs	  from	  the	  human	  passage	  
were	  found	  to	  have	  reverted	  after	  passage	  through	  the	  mouse.	  These	  data	  indicate	  that	  
this	  Campylobacter	  jejuni	  strain	  has	  a	  very	  flexible	  genome	  that	  allows	  it	  to	  adapt	  
quickly	  to	  new	  environments.	  	  
Since	  Campylobacters	  have	  been	  shown	  to	  adapt	  so	  quickly	  to	  new	  
environments,	  it	  has	  been	  suggested	  that	  they	  should	  be	  considered	  a	  quasispecies.	  A	  
quasispecies	  being	  one	  group	  of	  related	  genotypes	  that	  contain	  at	  least	  one	  or	  more	  
mutations	  from	  the	  parent	  offspring.	  In	  this	  model,	  C.	  jejuni	  has	  a	  high	  mutation	  rate	  
that	  allows	  it	  to	  generate	  multiple	  variants	  quickly	  in	  an	  attempt	  to	  ensure	  one	  subset	  of	  
the	  population	  will	  succeed	  in	  the	  environment.	  	  
GENOME	  
	   Flexibility	  in	  the	  genome	  is	  very	  important	  for	  Campylobacter.	  The	  genus	  as	  a	  
whole	  has	  a	  relatively	  small	  genome	  compared	  to	  other	  pathogenic	  bacteria.	  Salmonella	  
enterica	  serovar	  Typhimurium	  and	  E.	  coli	  O157:H7	  have	  genomes	  over	  4	  million	  base	  
pairs,	  while	  Campylobacter	  jejuni	  has	  a	  genome	  between	  1.6	  and	  1.8	  million	  base	  pairs,	  
depending	  on	  the	  strain	  (McClelland	  et	  al.,	  2001;	  Perna	  et	  al.,	  2001;	  Champion	  et	  al.,	  
2008).	  With	  less	  than	  half	  the	  size	  of	  other	  foodborne	  pathogens,	  variability	  in	  the	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genome	  becomes	  very	  important.	  The	  first	  sequencing	  of	  Campylobacter	  jejuni	  
identified	  homopolymeric	  tracts,	  which	  are	  thought	  to	  control	  contingency	  genes	  
(Wassenaar	  et	  al.,	  2002).	  These	  tracts	  of	  repeated	  bases	  can	  cause	  slip-­‐strand	  
mispairing,	  allowing	  insertions	  and	  deletions	  (indels)	  (Levinson	  and	  Gutman,	  1987).	  
These	  indels	  lead	  to	  frameshift	  mutations	  and	  can	  ultimately	  cause	  phenotypic	  changes	  
that	  can	  help	  the	  bacteria	  adapt	  to	  a	  new	  environment.	  This	  seems	  to	  be	  the	  case	  with	  
Campylobacter,	  as	  Wassenaar	  and	  others	  (2002)	  determined	  that	  within	  single	  colonies	  
polymorphisms	  were	  found	  in	  these	  homopolymeric	  tracts.	  A	  study	  by	  Jerome	  and	  
others	  (2011)	  gave	  further	  evidence	  that	  these	  homopolymeric	  tracts	  play	  a	  role	  in	  
Campylobacter	  adaptation.	  Sequencing	  their	  experimental	  strain	  of	  11168	  pre-­‐	  and	  
post-­‐passage	  through	  a	  murine	  model	  illuminated	  variation	  within	  23	  different	  
contingency	  genes,	  with	  the	  majority	  focused	  on	  homopolymeric	  tracts.	  	  
MECHANISMS	  OF	  VIRULENCE	  
	   While	  Campylobacter	  is	  one	  of	  the	  leading	  causes	  of	  bacterial	  foodborne	  illness	  
in	  the	  United	  States,	  campylobacteriosis	  is	  generally	  resolved	  without	  the	  need	  for	  
antimicrobial	  treatment	  (Shandera,	  Tormey,	  and	  Blaser,	  1992).	  	  Attempts	  to	  elucidate	  
the	  mechanisms	  of	  virulence	  for	  Campylobacter	  have	  yet	  to	  yield	  a	  complete	  picture.	  
Many	  bacteria	  use	  similar	  mechanisms	  of	  virulence,	  but	  Campylobacter	  has	  thus	  far	  
proven	  to	  use	  alternate	  or	  complex	  mechanisms.	  However,	  the	  general	  course	  of	  events	  
and	  a	  few	  specifics	  about	  each	  event	  have	  been	  determined.	  	  
Campylobacter	  enters	  the	  gut	  through	  a	  contaminated	  food	  or	  water	  source.	  It	  
then	  follows	  a	  chemokine	  gradient,	  using	  flagella	  for	  motility,	  to	  the	  mucosa,	  where	  it	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adheres	  to	  an	  epithelial	  cell	  (Hendrixson	  and	  DiRita,	  2004;	  Larson	  et	  al.,	  2008).	  Once	  
adhered	  to	  the	  epithelial	  cell	  surface,	  the	  cell’s	  signaling	  system	  is	  used	  to	  hijack	  an	  
envelope	  and	  enter	  the	  cell	  (Watson	  and	  Galán,	  2008).	  Once	  inside	  the	  cell,	  it	  can	  pass	  
through	  to	  the	  lamina	  propria	  where	  it	  can	  interact	  with	  the	  lymphocytes	  and	  stimulate	  
a	  greater	  inflammatory	  response	  (Hu	  and	  Kopecko,	  2008).	  	  
	   Motility	  has	  been	  found	  to	  be	  a	  significant	  factor	  for	  Campylobacter	  virulence.	  In	  
several	  studies,	  flagella	  mutants	  have	  reduced	  colonization	  potential	  compared	  to	  wild-­‐
type	  strains	  (Wösten,	  Wagenaar,	  and	  van	  Putten,	  2004;	  Nachamkin,	  Yang,	  and	  Stern,	  
1993;	  Grant	  et	  al.,	  1993).	  In	  a	  study	  by	  Yao	  and	  colleagues	  (1994),	  eight	  mutants	  were	  
created	  with	  greatly	  reduced	  in	  invasion	  potential.	  Of	  the	  eight	  invasion	  deficient	  
mutants,	  only	  three	  had	  impaired	  motility.	  However,	  those	  three	  were	  the	  least	  efficient	  
invaders,	  being	  90-­‐200	  fold	  less	  efficient	  than	  the	  wild	  type,	  compared	  to	  19-­‐35	  fold	  less	  
efficient	  for	  the	  invasion	  deficient,	  but	  motility	  positive,	  mutants.	  Two	  of	  the	  3	  mutants	  
had	  fully	  developed	  flagella,	  but	  were	  unable	  to	  use	  the	  flagella	  for	  locomotion.	  These	  
two	  adhered	  moderately,	  but	  did	  not	  invade,	  indicating	  the	  necessity	  of	  motility	  for	  
invasion	  (Yao	  et	  al.,	  1994).	  This	  motility	  is	  controlled	  through	  a	  chemotaxis	  pathway	  that	  
has	  yet	  to	  be	  completely	  defined	  (Korolik	  and	  Ketley,	  2008).	  However,	  Campylobacter	  
has	  been	  found	  to	  use	  aspartate,	  formate,	  fucose,	  fumarate,	  and	  pyruvate	  as	  attractants	  
(Lertsethtakarn,	  Ottemann,	  and	  Hendrixson,	  2011).	  	  
The	  flagella	  has	  also	  been	  shown	  to	  function	  as	  a	  type	  three	  secretion	  system	  
(T3SS),	  which	  aids	  in	  invasion	  (Konkel	  et	  al.,	  2004).	  Using	  the	  flagella	  export	  apparatus,	  
Campylobacter	  secretes	  CiaB	  (Campylobacter	  invasion	  antigen	  B),	  FlaA	  and	  FlaB	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(flagellar	  filament	  proteins),	  FlaC	  (shares	  homology	  to	  FlaA	  and	  FlaB),	  and	  FspA	  (Flagellar	  
secreted	  protein	  A)	  (Larson	  et	  al.,	  2008).	  Most	  secreted	  proteins	  are	  not	  well	  defined,	  
but	  a	  variant	  of	  FspA,	  FspA2,	  induces	  host	  cell	  apoptosis,	  which	  could	  contribute	  to	  the	  
severity	  of	  the	  disease	  (Poly	  et	  al.,	  2007).	  	  
	   Once	  the	  bacterium	  reaches	  a	  cell,	  it	  must	  be	  able	  to	  adhere	  to	  the	  surface.	  
Adhesin	  proteins	  on	  the	  surface	  of	  the	  bacterium	  facilitate	  this	  bonding.	  There	  have	  
been	  a	  few	  different	  potential	  adhesins	  identified	  for	  Campylobacter	  jejuni:	  CadF	  
(Campylobacter	  adhesion	  to	  fibronectin),	  PEB1,	  JlpA	  (jejuni	  lipoprotein	  A),	  CapA	  
(Campylobacter	  adhesion	  protein	  A),	  and	  a	  MOMP	  (Major	  Outer	  Membrane	  Protein)	  
PorA	  (Konkel	  et	  al.,	  1997;	  Pei	  and	  Blaser,	  1993;	  Jin	  et	  al.,	  2001;	  Ashgar	  et	  al.,	  2007;	  
Moser,	  Schroeder,	  and	  Salnikow,	  1997).	  Of	  these	  adhesins,	  the	  most	  studied	  is	  CadF.	  
CadF	  is	  a	  37kDa	  outer	  membrane	  protein	  with	  a	  four	  amino	  acid	  binding	  domain:	  
phenylalanine-­‐arginine-­‐lucine-­‐serine	  (Konkel	  et	  al.,	  2005).	  In	  a	  study	  by	  Monteville,	  
Yoon,	  and	  Konkel,	  CadF	  was	  specific	  for	  fibronectin	  and	  required	  for	  adhesion	  to	  INT	  407	  
cells	  (Monteville,	  Yoon,	  and	  Konkel,	  2003).	  It	  was	  also	  determined	  that	  C.	  jejuni	  infection	  
of	  the	  intestinal	  cells	  resulted	  in	  an	  increased	  level	  of	  tyrosine	  phosphorylation	  
associated	  with	  the	  focal	  adhesion	  signaling	  molecule	  paxillin.	  	  
	   Once	  attached,	  Campylobacter	  uses	  host	  cell	  signaling,	  most	  likely	  through	  
tyrosine	  protein	  kinase-­‐linked	  pathways,	  to	  initiate	  entry	  (Wooldridge,	  Williams,	  and	  
Ketlea,	  1996;	  Biswas,	  Niwa,	  and	  Itoh,	  2004).	  Rearrangement	  of	  the	  host	  cytoskeleton	  is	  
involved	  in	  the	  uptake	  of	  a	  pathogen	  into	  the	  cell	  (Hu	  and	  Kopecko,	  2008).	  Other	  
foodborne	  pathogens,	  including	  Salmonella	  and	  Listeria,	  use	  microfilament-­‐dependent	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pathways	  (Elsinghorst,	  Baron,	  and	  Kopecko	  1989;	  Pistor	  et	  al.,	  1994).	  However,	  it	  
appears	  that	  Campylobacter	  can	  use	  either	  a	  microfilament-­‐dependent	  or	  microtubule-­‐
dependent	  pathway	  depending	  on	  environmental	  conditions.	  Hu	  and	  Kopecko	  suggest	  
that	  under	  nutrient	  restricted	  conditions	  (1%	  fetal	  bovine	  serum)	  Campylobacter	  uses	  
both	  microfilaments	  and	  microtubules,	  but	  under	  nutrient	  rich	  conditions	  (10-­‐20%	  fetal	  
bovine	  serum)	  Campylobacter	  uses	  a	  microtubule	  specific	  pathway	  (Hu	  and	  Kopecko,	  
2008).	  Campylobacter	  enters	  the	  cell	  in	  a	  vacuole,	  which	  has	  markers	  associated	  with	  
lipid	  rafts	  and	  caveolae	  during	  its	  early	  stages,	  indicating	  their	  importance	  in	  
internalization,	  but	  does	  not	  follow	  a	  caveolae-­‐mediated	  endocytic	  pathway	  (Watson	  
and	  Galán,	  2008).	  It	  is	  thought	  that	  Campylobacter	  uses	  this	  non-­‐canonical	  pathway	  to	  
avoid	  association	  with	  lysosomes,	  which	  would	  ultimately	  kill	  the	  bacterium	  (Watson	  
and	  Galán,	  2008).	  	  
	   Interaction	  with	  host	  cells	  can	  induce	  proinflammatory	  cytokines,	  which	  are	  
important	  to	  the	  induction	  of	  intestinal	  inflammation	  (Watson	  and	  Galán,	  2008).	  Hickey	  
and	  others	  (2000)	  found	  that	  cytolethal	  distending	  toxin	  produced	  by	  C.	  jejuni	  can	  
induce	  the	  production	  of	  the	  proinflammatory	  cytokine	  interluken-­‐8	  by	  intestinal	  cells	  
(Hickey	  et	  al.,	  2000).	  Additionally,	  once	  Campylobacter	  traverses	  the	  epithelial	  barrier	  it	  
can	  interact	  with	  leukocytes,	  which	  can	  induce	  more	  proinflammatory	  cytokines	  (Hu	  and	  
Kopecko,	  2008).	  Induction	  of	  the	  inflammatory	  immune	  response	  is	  most	  likely	  what	  is	  
responsible	  for	  the	  progression	  of	  the	  disease.	  Intestinal	  inflammation	  and	  apoptosis	  of	  
the	  epithelial	  cells	  results	  in	  diarrhea	  and	  an	  over	  stimulation	  of	  the	  immune	  system	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could	  lead	  to	  the	  auto-­‐immune	  diseases	  known	  to	  be	  sequelae	  of	  Campylobacter	  
infections.	  	  
POULTRY	  PRODUCTION	  
Typically,	  birds	  are	  reared	  in	  large	  houses	  containing	  anywhere	  from	  10,000	  to	  
30,000	  chickens.	  Feed	  can	  be	  delivered	  via	  individual	  hanging	  feeders	  or	  in	  long	  trough	  
types	  of	  structures.	  Water	  is	  typically	  delivered	  by	  nipple	  drinking	  units.	  	  
Conventional	  rearing	  methods	  allow	  the	  use	  of	  antibiotics	  and	  coccidiostats.	  Antibiotics	  
at	  sub-­‐therapeutic	  levels	  are	  delivered	  in	  the	  feed.	  However,	  if	  the	  birds	  are	  ill,	  
antibiotics	  may	  be	  delivered	  in	  the	  water	  because	  sick	  birds	  will	  continue	  to	  drink	  but	  
refuse	  feed.	  Alternatively,	  injections	  can	  also	  be	  given	  as	  a	  treatment	  for	  illnesses.	  	  
There	  are	  many	  differences	  between	  organic	  and	  conventional	  rearing.	  First,	  no	  
antibiotics	  can	  be	  utilized	  in	  organic	  productions.	  If	  antibiotics	  are	  administered,	  then	  
the	  products	  from	  those	  birds	  cannot	  be	  sold	  as	  organic.	  Organic	  rearing	  also	  requires	  
that	  birds	  have	  access	  to	  outdoors.	  For	  this	  reason,	  many	  variations	  in	  housing	  types	  can	  
be	  found.	  Houses	  may	  either	  be	  static	  or	  mobile.	  Mobile	  houses	  offer	  the	  advantage	  of	  
providing	  fresh	  grass	  in	  a	  periodic	  fashion.	  Because	  the	  birds	  tend	  to	  eat	  and	  scratch	  the	  
grass,	  most	  of	  the	  outdoor	  area	  in	  static	  housing	  has	  no	  grass.	  Conventional	  rearing	  uses	  
fast	  growing	  birds,	  but	  organic	  birds	  are	  usually	  slow	  growing	  breeds	  that	  can	  take	  twice	  
as	  long	  to	  grow	  to	  market	  weight.	  	  
ANTIBIOTIC	  RESISTANCE	  
Several	  studies	  have	  been	  conducted	  to	  monitor	  antibiotic	  resistant	  bacteria	  in	  
organic	  or	  antibiotic	  free	  farms	  and	  compare	  their	  profiles	  with	  the	  conventional	  farms.	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These	  studies	  have	  reported	  prevalence	  of	  antimicrobial	  resistance	  in	  bacteria	  despite	  
removal	  of	  their	  application.	  For	  example,	  a	  study	  reported	  tetracycline	  resistance	  in	  
Campylobacter	  jejuni	  even	  after	  3	  years	  of	  removal	  of	  the	  antibiotic	  (Thibodeau	  	  et	  al.,	  
2011).	  Some	  other	  studies	  reported	  similar	  observations	  where	  tetracycline	  resistance	  
in	  organic	  chickens	  farms	  with	  levels	  ranging	  from	  0.05-­‐79%	  (Cui	  	  et	  al.,	  2005,	  Heuer	  	  et	  
al.,	  2001).	  In	  a	  study	  conducted	  by	  Zhou	  and	  others,	  approximately	  9-­‐27%	  of	  macrolide-­‐
resistant	  Clostridia	  were	  found	  on	  organic	  farms	  as	  compared	  to	  70-­‐80%	  macrolide-­‐
resistant	  Clostridia	  on	  conventional	  farms	  (Zhou	  	  et	  al.,	  2009).	  Observations	  from	  these	  
studies	  indicate	  that	  despite	  the	  removal	  of	  antibiotic	  pressure	  from	  the	  environment,	  
resistance	  characteristics	  persist	  in	  the	  farm	  microflora.	  	  
	   There	  are	  several	  possible	  reasons	  suggested	  for	  the	  prevalence	  of	  drug	  resistant	  
strains	  on	  organic	  farms.	  First,	  organic	  certification	  for	  a	  chicken	  starts	  from	  the	  2nd	  day	  
and	  therefore	  there	  are	  no	  restrictions	  on	  the	  breeder	  facilities	  that	  supply	  eggs	  to	  
hatcheries,	  where	  eggs	  might	  have	  been	  injected	  with	  antibiotics.	  Additionally,	  there	  is	  a	  
possibility	  that	  resistance	  characteristics	  could	  be	  transferred	  to	  other	  species	  through	  
horizontal	  gene	  transfer	  mechanisms	  (Leverstein-­‐van	  Hall	  et	  al.,	  2002).	  	  
The	  prevalence	  of	  antibiotic	  resistance	  could	  also	  be	  partially	  explained	  by	  
maintenance	  of	  a	  resistance	  plasmid	  because	  it	  also	  carries	  an	  essential	  gene	  (Johnsen	  	  
et	  al.,	  2009).	  These	  genes	  might	  include	  those	  responsible	  for	  efficient	  colonization	  of	  
the	  gut,	  such	  as	  resistance	  to	  bile	  or	  expression	  of	  adhesins	  for	  attachment	  (Amábile-­‐
Cuevas	  and	  Chicurel,	  1996;	  Gunn,	  2000;	  Lin	  	  et	  al.,	  2003).	  Some	  other	  genes	  might	  
encode	  for	  traits	  such	  as	  resistance	  to	  heavy	  metals	  found	  in	  the	  farm	  environment	  as	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was	  the	  case	  for	  Staphylococcus	  from	  poultry	  litter	  which	  had	  resistant	  characteristics	  
for	  both	  arsenic	  and	  beta-­‐lactamase	  (Williams	  	  et	  al.,	  2006).	  Plasmid	  stability	  systems	  
can	  be	  linked	  to	  the	  resistance	  genes	  and	  therefore	  resistance	  might	  persist	  despite	  the	  
antibiotic	  pressure	  (Johnsen	  	  et	  al.,	  2009).	  This	  phenomenon	  occurs	  due	  to	  
simultaneously	  expression	  of	  a	  stable	  toxin	  and	  an	  unstable	  antitoxin.	  If	  the	  plasmid	  is	  
lost,	  the	  bacterium	  can	  no	  longer	  produce	  the	  antitoxin	  and	  is	  then	  killed	  by	  the	  toxin	  
(Schuster	  and	  Bertram,	  2013;	  Gerdes,	  Rasmussen,	  and	  Molin,	  1986).	  	  
COCCIDOSTATS	  
Roxarsone,	  an	  organoarsenical	  compound	  is	  administered	  to	  broiler	  chickens	  to	  
control	  coccidiosis,	  a	  disease	  caused	  by	  parasites	  (Chapman	  and	  Johnson,	  2002).	  The	  
chickens	  excrete	  roxarsone	  and	  it	  is	  consequently	  converted	  to	  inorganic	  arsenic	  
(arsenite	  and	  arsenate)	  by	  bacteria	  present	  in	  the	  poultry	  litter.	  This	  conversion	  has	  
been	  demonstrated	  to	  be	  carried	  out	  specifically	  by	  Clostridium	  spp.	  under	  anaerobic	  
conditions	  (Stolz	  et	  al.,	  2007).	  Roxarsone	  in	  the	  litter	  was	  also	  shown	  to	  be	  prone	  to	  
photo-­‐degradation,	  which	  converts	  it	  to	  its	  inorganic	  forms	  (Bednar	  et	  al.,	  2003).	  
Because	  the	  birds	  tend	  to	  pick	  at	  the	  litter,	  the	  inorganic	  form	  of	  arsenic	  is	  consumed	  
and	  has	  a	  tendency	  to	  accumulate	  in	  the	  body	  as	  shown	  by	  several	  studies	  (Lasky	  et	  al.,	  
2004;	  Pizarro	  et	  al.,	  2004;	  Nachman	  et	  al.,	  2013).	  A	  study	  conducted	  by	  the	  FDA	  showed	  
high	  levels	  of	  inorganic	  arsenic	  in	  the	  liver	  of	  birds	  supplemented	  with	  roxarsone	  (FDA,	  
2011(b)).	  For	  this	  reason,	  the	  removal	  of	  roxarsone	  from	  the	  market	  was	  suggested	  and	  
Pfizer	  voluntarily	  withdrew	  it	  from	  the	  market	  (Nachman	  	  et	  al.,	  2013	  and	  FDA,	  2011(a)).	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Inorganic	  arsenic	  has	  been	  found	  to	  accumulate	  in	  conventional	  meat	  products,	  
including	  chicken.	  In	  a	  study	  conducted	  by	  the	  Office	  of	  Public	  Health	  and	  Science,	  mean	  
concentrations	  of	  total	  arsenic	  in	  chicken	  liver	  and	  tissue	  from	  1989-­‐2000	  were	  reported	  
(Lasky	  et	  al.,	  2004).	  The	  study	  reported	  that	  the	  mean	  concentration	  of	  total	  arsenic	  in	  
chicken	  was	  0.39µg/g,	  which	  was	  about	  3-­‐4	  fold	  higher	  than	  that	  of	  other	  meats.	  The	  
study	  also	  reported	  0.33–0.43µg/g	  of	  total	  arsenic	  in	  livers	  and	  0.13µg/g	  of	  total	  arsenic	  
in	  chicken	  muscle	  tissue.	  Another	  study	  reported	  that	  the	  breast	  muscle	  contained	  168	  
µg/kg	  of	  total	  arsenate	  (Pizarro	  et	  al.,	  2004).	  In	  a	  study	  conducted	  by	  Nachman	  and	  co-­‐
workers	  (2013),	  different	  forms	  of	  arsenic	  present	  in	  conventional,	  antibiotic	  free,	  and	  
organic	  meat	  samples	  were	  compared.	  Levels	  of	  inorganic	  arsenic	  were	  shown	  to	  be	  
much	  higher	  in	  conventional	  meat	  products	  (fed	  on	  roxarsone)	  with	  a	  geometric	  mean	  
of	  1.8	  µg/kg,	  compared	  to	  those	  in	  antibiotic-­‐free	  (0.7	  µg/kg)	  or	  organic	  (0.6	  µg/kg)	  
samples	  (Nachman	  	  et	  al.,	  2013).	  The	  study	  also	  reported	  an	  increase	  in	  inorganic	  
arsenic	  after	  cooking	  the	  meat,	  possibly	  due	  to	  conversion	  of	  roxarsone	  into	  arsenate	  
and	  arsenite.	  	  
One	  mechanism	  for	  detoxification	  of	  arsenic	  in	  poultry	  is	  through	  its	  methylation	  
in	  the	  liver	  and	  kidneys	  (Pizarro	  et	  al.,	  2004).	  Different	  arsenic	  compounds	  tend	  to	  be	  
dominant	  in	  different	  organs.	  Arsenite	  represented	  about	  42%	  of	  the	  total	  arsenic	  in	  the	  
auricle.	  DMA	  (dimethylarsinic	  acid)	  was	  predominant	  in	  the	  breast	  meat,	  and	  AsB	  
(arsenobetaine)	  was	  highest	  in	  the	  fat	  and	  cardiac	  muscle.	  Since	  some	  form	  of	  inorganic	  
arsenic	  was	  seen	  in	  the	  tissues,	  the	  study	  suggested	  that	  detoxification	  through	  
methylation	  might	  not	  take	  place	  in	  all	  the	  cell	  tissues	  leading	  to	  site	  specific	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accumulation	  of	  inorganic	  arsenic	  (Pizarro	  et	  al.,	  2004).	  In	  a	  similar	  study,	  liver	  tissue	  
exposed	  to	  arsenic	  trioxide	  contained	  anionic	  arsenic	  compounds,	  As(III)	  and	  DMA	  in	  the	  
water	  and	  methanol	  extract	  of	  the	  tissue,	  suggesting	  DMA	  might	  be	  the	  main	  
metabolite	  of	  inorganic	  arsenic	  in	  chicken	  (Falnoga	  	  et	  al.,	  2000).	  	  
Studies	  have	  shown	  a	  correlation	  between	  resistance	  traits	  to	  toxic	  heavy	  metals	  
and	  a	  selection	  of	  antibiotic	  resistant	  bacteria	  in	  the	  environment.	  In	  some	  
microorganisms,	  multiple	  genes	  for	  resistance	  towards	  heavy	  metals	  and	  antimicrobials	  
can	  be	  found	  on	  the	  same	  plasmids	  	  (Johnsen	  	  et	  al.,	  2009,	  Schuster	  and	  Bertram,	  2013).	  
A	  study	  by	  Williams	  and	  others	  (2006)	  showed	  that	  the	  arsenic	  resistance	  locus	  and	  a	  
metallo-­‐beta-­‐lactamase	  were	  both	  present	  in	  a	  single	  plasmid	  from	  Staphylococcus,	  
suggesting	  the	  possibility	  that	  antibiotic	  resistance	  genes	  might	  also	  get	  co-­‐transferred	  
(Williams	  et	  al.,	  2006).	  Similarly,	  enteropathogenic	  bacteria,	  including	  Vibrio	  cholerae	  
and	  Escherichia	  coli,	  resistant	  to	  metals	  (zinc	  and	  copper)	  were	  also	  found	  to	  be	  
resistant	  to	  multiple	  antibiotics	  (Choudhury	  and	  Kumar,	  1996).	  In	  another	  study,	  
mercury	  resistance	  within	  Enterobacteriaceae	  was	  found	  to	  be	  carried	  on	  a	  conjugative	  
plamid	  that	  also	  carried	  antibiotic	  resistance	  genes.	  This	  could	  point	  to	  the	  possibility	  
that	  environmental	  toxins	  such	  as	  heavy	  metals	  could	  select	  for	  antibiotic	  resistant	  
strains	  since	  they	  might	  be	  present	  on	  the	  same	  transposable	  element	  (Summers	  et	  al.,	  
1993).	  	  
During	  colonization	  of	  the	  chicken	  gut,	  Campylobacter	  can	  be	  exposed	  to	  arsenic	  
compounds	  selecting	  for	  resistance	  to	  roxarsone	  and	  arsenic	  (Sapkota	  et	  al.,	  20006).	  
Recently,	  a	  four-­‐gene	  operon	  and	  an	  additional	  gene	  in	  Campylobacter	  were	  identified	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which	  provide	  arsenic	  resistance	  (Wang	  et	  al.,	  2009;	  Shen	  et	  al.,	  2013).	  The	  operon	  
encodes	  a	  putative	  membrane	  permease	  (ArsP),	  a	  transcriptional	  repressor	  (ArsR),	  an	  
arsenate	  reductase	  (ArsC),	  and	  an	  efflux	  protein	  (Acr3),	  and	  the	  separate	  gene	  encodes	  
a	  putative	  efflux	  transporter	  (ArsB)	  	  (Wang	  et	  al.,	  2009;	  Shen	  et	  al.,	  2013;	  Figure	  1.1).	  It	  
has	  been	  determined	  that	  Campylobacter	  mediates	  much	  of	  its	  antibiotic	  resistance	  
through	  a	  multidrug	  efflux	  system,	  CmeABC	  (Lin,	  Michel,	  and	  Zhang,	  2002).	  Therefore,	  
the	  presence	  of	  efflux	  proteins	  and	  a	  membrane	  permase	  indicate	  potential	  for	  
antibiotic	  resistance.	  However,	  studies	  have	  demonstrated	  that	  these	  genes	  do	  not	  
confer	  additional	  antibiotic	  resistance	  (Wang	  et	  al.,	  2009;	  Shen	  et	  al.,	  2013;	  Shen	  et	  al.,	  
2014).	  
CAMPYLOBACTER	  IN	  POULTRY	  
Pre-­‐harvest	  	  
Campylobacter	  naturally	  colonizes	  the	  chicken	  gut	  when	  birds	  are	  two	  to	  three	  
weeks	  old.	  This	  lag	  period	  has	  been	  well	  documented,	  but	  an	  explanation	  has	  not	  yet	  
been	  proven	  (Jacobs-­‐Reitsma	  et	  al.,	  1995;	  Evans	  and	  Sayers,	  2000;	  Kalupahana	  et	  al.,	  
2013).	  Currently,	  there	  are	  two	  widely	  accepted	  hypotheses	  that	  explain	  the	  lag	  period	  
from	  a	  gut	  developmental	  or	  an	  immunological	  standpoint.	  The	  developmental	  view	  
argues	  that	  Campylobacter	  is	  a	  community-­‐dependent	  organism	  due	  to	  its	  dependence	  
on	  secondary	  metabolites	  produced	  by	  other	  bacteria	  (Hanning,	  Jarquin,	  and	  Slavik,	  
2008;	  Lee	  and	  Newell,	  2006).	  Since	  the	  gut	  is	  sterile	  at	  hatch,	  these	  metabolites	  are	  not	  
available	  until	  a	  microbial	  community	  is	  established,	  which	  does	  not	  happen	  until	  the	  
second	  week	  of	  life	  (Lu	  et	  al.,	  2003,	  Danzeisen	  et	  al.,	  2011).	  Further,	  gut	  structures,	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including	  crypts,	  are	  virtually	  absent	  and	  not	  well	  developed	  until	  two	  weeks	  of	  age	  
(Sklan,	  2001;	  Lumpkins	  et	  al.,	  2010).	  This	  is	  important	  because	  the	  mature	  gut	  with	  well-­‐
developed	  crypts	  provides	  a	  microaerophilic	  environment	  that	  is	  ideal	  for	  oxygen	  
sensitive	  Campylobacter	  (Phillips	  and	  Lee,	  1983).	  An	  additional	  factor	  that	  influences	  the	  
profile	  of	  the	  microbiome	  and,	  in	  turn,	  histological	  development	  is	  the	  nutrient	  content	  
in	  feed.	  Chick	  starter	  (used	  for	  the	  first	  two	  weeks)	  has	  higher	  protein	  content	  than	  
grower	  formulations	  (used	  for	  the	  final	  four	  weeks)	  as	  well	  as	  other	  differences	  in	  
vitamin	  and	  mineral	  concentrations.	  Thus,	  the	  feed	  can	  influence	  the	  microbiome	  
profile,	  which	  in	  turn,	  can	  impact	  Campylobacter	  colonization	  abilities	  (Danzeisen	  et	  al.,	  
2011).	  	  
	   Alternatively,	  the	  immunological	  view	  points	  to	  the	  effect	  of	  maternal	  
antibodies.	  Maternal	  antibodies	  are	  taken	  up	  by	  the	  egg	  into	  the	  yolk	  during	  
development	  and	  can	  then	  be	  passed	  to	  the	  embryo	  (Sahin	  et	  al.,	  2001).	  These	  
antibodies	  are	  at	  their	  peak	  when	  the	  bird	  is	  approximately	  one-­‐three	  days	  old,	  and	  
reduce	  to	  negligible	  levels	  by	  ten-­‐thirteen	  days	  old	  (Shawky,	  Saif,	  and	  McCormick,	  1994).	  
Campylobacter	  has	  been	  shown	  to	  be	  susceptible	  to	  complement-­‐mediated	  killing	  that,	  
in	  the	  classical	  pathway,	  requires	  antigen-­‐antibody	  binding	  (Blaser,	  Smith,	  and	  Kohler,	  
1985).	  Therefore,	  the	  presence	  of	  Campylobacter	  specific	  antibodies	  passed	  from	  the	  
mother	  to	  the	  offspring	  could	  prevent	  the	  colonization	  of	  this	  bacterium	  in	  the	  early	  
stages	  of	  development.	   	  	  
There	  are	  a	  number	  of	  strategies	  currently	  used	  to	  control	  Campylobacter,	  
including	  biosecurity.	  This	  involves	  controlling	  the	  microorganisms	  with	  which	  the	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chickens	  come	  in	  contact	  (Newell	  et	  al.,	  2011).	  If	  the	  grower	  can	  prevent	  Campylobacter	  
from	  entering	  the	  environment,	  then	  the	  chickens	  will	  not	  have	  contact	  with	  the	  
bacteria	  and	  cannot	  become	  colonized.	  While	  this	  is	  straightforward,	  it	  is	  by	  no	  means	  
simple.	  Campylobacter	  is	  known	  to	  persist	  and	  have	  numerous	  vectors	  within	  the	  
environment	  (Evans,	  1992;	  Pearson	  et	  al.,	  1993;	  Newell	  and	  Fearnley,	  2003;	  Bull	  et	  al.,	  
2006).	  One	  possible	  method	  Campylobacter	  uses	  to	  survive	  in	  harsh	  environments	  is	  to	  
enter	  a	  viable-­‐but-­‐nonculturable	  (VBNC),	  dormant	  state	  (Snelling,	  Moor,	  and	  Dooley,	  
2005).	  The	  VBNC	  phenotype	  could	  lead	  to	  false-­‐negative	  environmental	  tests	  and	  could	  
make	  development	  of	  biosecurity	  strategies	  difficult	  (Stern	  et	  al.,	  1994;	  Tholozan	  et	  al.,	  
1999).	  
	   Another	  strategy	  that	  is	  being	  developed	  is	  the	  vaccination	  of	  chickens	  against	  
Campylobacter	  (Saxena	  et	  al.,	  2013;	  Buckley	  et	  al.,	  2010;	  Hermans	  et	  al.,	  2011).	  The	  idea	  
is	  to	  create	  an	  immune	  response	  in	  the	  bird	  that	  will	  produce	  antibodies	  against	  
Campylobacter	  and	  thus	  prevent	  colonization.	  The	  two	  to	  three	  week	  lag	  in	  colonization	  
of	  poultry	  is	  currently	  believed	  to	  be	  due	  to	  maternal	  antibodies,	  so	  the	  use	  of	  the	  
immune	  system	  to	  prevent	  colonization	  appears	  possible	  (Sahin	  et	  al.,	  2001).	  Some	  
issues	  with	  this	  technique	  are	  the	  time	  it	  takes	  to	  the	  bird	  to	  mount	  an	  immune	  
response	  and	  the	  identification	  of	  an	  appropriate	  antigen	  target.	  Currently,	  there	  are	  
few	  targets	  that	  could	  work	  for	  a	  vaccine.	  The	  most	  common	  antigen	  is	  the	  flagella,	  but	  
this	  is	  affected	  by	  phase	  variation	  and	  post-­‐translational	  glycocylation,	  which	  changes	  
the	  antigenic	  sites	  making	  a	  flagellar	  vaccine	  ineffective	  (Scott,	  1997).	  	  
	   23	  
	   Finally,	  bacteriocins	  are	  being	  studied	  as	  potential	  intervention	  strategies.	  These	  
are	  small	  antimicrobial	  peptides	  that	  bacteria	  produce	  to	  kill	  other	  bacteria.	  They	  
usually	  have	  limited	  specificity,	  which	  is	  an	  advantage	  over	  antibiotics.	  Because	  they	  do	  
not	  target	  a	  specific	  site,	  it	  is	  much	  harder	  for	  a	  bacterium	  to	  adapt	  to	  them	  and	  become	  
resistant.	  A	  few	  different	  bacteriocins	  active	  against	  Campylobacter	  have	  been	  
identified	  (Stern	  et	  al.,	  2006,	  Svetoch	  et	  al.,	  2005;	  Schoeni	  and	  Doyle,	  1992).	  These	  have	  
been	  shown	  to	  reduce	  Campylobacter,	  in	  colonized	  birds,	  to	  levels	  below	  the	  detection	  
limit.	  Bacteriocins	  can	  be	  incorporated	  into	  the	  feed,	  making	  them	  easy	  to	  use	  by	  the	  
poultry	  industry.	  	  
Post-­‐harvest	  
	   As	  established	  previously,	  Campylobacter	  spp.	  act	  as	  commensal	  organisms	  
within	  the	  chicken	  gut.	  Once	  colonized,	  Campylobacter	  levels	  within	  the	  bird	  can	  reach	  
levels	  between	  105	  to	  109	  cfu	  per	  gram	  of	  intestinal	  contents	  (Berndtson,	  Tivemo,	  and	  
Engvall,	  1992;	  Berrang,	  Buhr,	  and	  Cason,	  2000).	  The	  bacteria	  are	  then	  shed	  by	  the	  bird	  
and	  spread	  rapidly	  throughout	  the	  flock	  (Lindblom,	  Sjörgren,	  and	  Kaijser,	  1986).	  Given	  
that	  these	  bacteria	  can	  have	  a	  high	  prevalence	  within	  poultry	  flocks	  upon	  time	  of	  
slaughter,	  it	  is	  important	  to	  maintain	  control	  measures	  in	  order	  to	  ensure	  a	  safe	  product	  
for	  consumers.	  There	  are	  three	  main	  control	  points	  present	  in	  poultry	  processing,	  
scalding	  washing,	  and	  chilling.	  	  	  
	   Scalding	  takes	  place	  immediately	  following	  killing	  and	  draining	  of	  the	  carcass.	  
The	  main	  purpose	  of	  this	  step	  is	  to	  loosen	  the	  feathers	  for	  removal,	  but	  the	  high	  
temperatures	  used	  to	  complete	  this	  task	  can	  also	  reduce	  the	  number	  of	  bacteria	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present	  on	  the	  skin	  of	  the	  carcass	  (Yang,	  Li,	  and	  Johnson,	  2001;	  Rosenquist	  et	  al.,	  2006).	  
While	  this	  process	  does	  reduce	  the	  number	  of	  Campylobacter	  on	  the	  exterior	  of	  the	  
carcass,	  the	  majority	  of	  the	  contamination	  is	  within	  the	  intestinal	  tract,	  which	  is	  not	  
exposed	  to	  this	  process.	  
	   After	  the	  carcass	  is	  de-­‐feathered	  and	  the	  head	  and	  feet	  are	  removed,	  the	  
internal	  organs	  are	  removed	  during	  evisceration.	  If	  the	  intestines	  are	  ruptured	  during	  
this	  step,	  Campylobacter	  and	  other	  fecal	  bacteria	  can	  be	  released	  to	  contaminate	  the	  
rest	  of	  the	  carcass	  and	  the	  equipment	  being	  used	  to	  preform	  the	  evisceration	  (Bryan	  
and	  Doyle,	  1995).	  If	  the	  equipment	  becomes	  contaminated,	  this	  can	  lead	  to	  
contamination	  of	  Campylobacter-­‐free	  birds	  if	  they	  are	  processed	  after	  a	  Campylobacter	  
positive	  flock	  (Genigeorgis,	  Hassuneh,	  and	  Collins,	  1986).	  Additionally,	  studies	  have	  
illustrated	  that	  Campylobacter	  prevalence	  was	  highest	  after	  evisceration,	  which	  
indicates	  the	  need	  for	  additional	  control	  after	  this	  step	  occurs	  (Figueroa	  et	  al.,	  2009;	  
Hue	  et	  al.,	  2010;	  Guerin	  et	  al.,	  2010).	  
	   Once	  evisceration	  is	  complete,	  carcasses	  are	  washed	  to	  eliminate	  contamination	  
before	  being	  chilled.	  As	  evisceration	  can	  increase	  the	  microbial	  load	  on	  the	  carcass,	  
washing	  is	  an	  important	  control	  point.	  This	  step	  can	  be	  augmented	  by	  the	  addition	  of	  
antimicrobial	  compounds	  to	  the	  wash	  water	  to	  increase	  effectiveness	  (Park,	  Hung,	  and	  
Brackett,	  2002;	  Hwang	  and	  Beuchat,	  1995;	  Bashor	  et	  al.,	  2004;	  Li	  et	  al.,	  1997).	  Some	  of	  
the	  chemicals	  that	  have	  been	  studied	  for	  their	  effectiveness	  are	  lactic	  acid	  (Li	  et	  al.,	  
1997),	  lactic	  acid	  with	  sodium	  benzoate	  (Hwang	  and	  Beuchat,	  1995),	  trisodium	  
phosphate	  (Bashor	  et	  al.,	  2004;	  Li	  et	  al.,	  1997),	  acidified	  sodium	  chloride	  (Bashor	  et	  al.,	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2004),	  sodium	  bisulfate	  (Li	  et	  al.,	  1997),	  cetylpyridinium	  chloride	  (Li	  et	  al.,	  1997),	  sodium	  
chloride	  (Li	  et	  al.,	  1997),	  and	  chlorine	  with	  or	  without	  electrolyzed	  water	  (Park,	  Hung,	  
and	  Brackett,	  2002).	  While	  these	  studies	  demonstrate	  that	  methods	  reduce	  
Campylobacter,	  they	  do	  not	  eliminate	  it.	  	  
	   After	  washing,	  the	  carcasses	  are	  then	  chilled	  reduce	  the	  temperature	  to	  40°F	  
before	  packaging	  to	  prevent	  microbial	  growth.	  Most	  processors	  in	  the	  United	  States	  use	  
ice-­‐water	  immersion,	  but	  air	  chilling	  is	  also	  used	  (Berrang	  et	  al.,	  2008;	  Sánchez	  et	  al.,	  
2002).	  Analysis	  of	  these	  two	  methods	  has	  yielded	  varying	  results.	  Two	  studies	  have	  
indicated	  that	  the	  methods	  do	  not	  differ	  significantly	  (Berrang	  et	  al.,	  2008;	  Rosenquist	  et	  
al.,	  2006),	  while	  another	  found	  that	  air	  chilling	  resulted	  in	  significantly	  less	  
Campylobacter	  (Sánchez	  et	  al.,	  2002).	  Often,	  chlorine	  or	  chlorine	  compounds	  are	  used	  in	  
immersion	  chilling	  to	  reduce	  bacterial	  contamination	  (Bashor	  et	  al.,	  2004).	  However,	  the	  
presence	  of	  organic	  matter	  can	  reduce	  the	  effectiveness	  of	  chlorine	  (Wabeck	  et	  al.,	  
1968).	  Therefore,	  the	  difference	  in	  effectiveness	  seen	  by	  Sánchez	  and	  others	  (2002)	  
could	  be	  due	  to	  improper	  maintenance	  of	  the	  available	  chlorine	  levels	  in	  the	  chill	  tank.	  	  	  
If	  Campylobacter	  is	  not	  effectively	  controlled	  at	  the	  farm	  or	  processing	  plant	  
level,	  this	  presents	  a	  risk	  to	  consumers.	  It	  is	  then	  possible,	  that	  consumers	  who	  eat	  
improperly	  prepared	  poultry	  products	  are	  at	  risk	  of	  Campylobacter	  infection.	  One	  recent	  
incidence	  occurred	  in	  2012,	  where	  under	  cooked	  chicken	  livers	  were	  responsible	  for	  a	  
multistate	  outbreak	  of	  campylobacteriosis	  (CDC,	  2013).	  When	  incidences	  like	  this	  occur,	  
epidemiological	  tracking	  is	  needed	  to	  determine	  the	  source	  and	  prevent	  the	  spread	  of	  
further	  infections.	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EPIDEMIOLOGY	  
	   Tracking	  of	  disease	  outbreaks	  and	  the	  foundation	  of	  modern	  epidemiology	  
began	  with	  John	  Snow	  and	  the	  Broad	  Street	  cholera	  outbreak	  of	  1854.	  He	  plotted	  the	  
cases	  on	  a	  map	  and	  found	  that	  they	  clustered	  near	  the	  pump	  on	  Broad	  Street.	  After	  
interviewing	  those	  that	  might	  be	  more	  inclined	  to	  use	  a	  different	  pump	  and	  finding	  that	  
they	  had	  used	  the	  Broad	  Street	  pump,	  he	  came	  to	  the	  conclusion	  that	  this	  pump	  was	  to	  
blame	  for	  the	  outbreak.	  With	  this	  information	  he	  went	  to	  the	  town	  council	  and	  was	  able	  
to	  persuade	  them	  to	  remove	  the	  handle,	  thus	  making	  it	  unusable.	  After	  the	  pump	  
handle	  was	  removed,	  the	  outbreak	  ended.	  Eventually,	  John	  Snow	  would	  go	  on	  to	  help	  
found	  the	  Epidemiological	  Society	  of	  London	  and	  help	  bring	  modern	  epidemiology	  to	  
the	  rest	  of	  the	  world.	  
	   Since	  John	  Snow’s	  investigation,	  epidemiologist	  and	  medical	  professionals	  have	  
sought	  to	  apply	  his	  methods	  to	  outbreaks	  in	  order	  to	  identify	  the	  sources	  and	  prevent	  
further	  spread	  of	  disease.	  This	  has	  become	  increasingly	  difficult	  as	  the	  world	  population	  
grows.	  An	  outbreak	  of	  foodborne	  illness	  can	  now	  be	  spread	  across	  an	  entire	  country	  or	  
multiple	  countries.	  This	  is	  best	  illustrated	  with	  the	  E.	  coli	  O104:H4	  outbreak	  that	  was	  
centered	  in	  Germany,	  but	  affected	  a	  number	  of	  people	  in	  other	  countries,	  including	  five	  
travelers	  from	  the	  United	  States	  (CDC,	  2011).	  Determining	  the	  source	  of	  the	  outbreak	  is	  
not	  only	  important	  to	  stop	  an	  outbreak,	  but	  also	  determining	  blame.	  As	  legal	  suits	  
against	  offending	  companies	  have	  become	  increasingly	  common,	  accurate	  methods	  of	  
typing	  pathogens	  are	  very	  important	  so	  that	  the	  parties	  responsible	  can	  be	  correctly	  
identified.	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Typing	  Methods	  
	  Pulsed	  Field	  Gel	  Electrophoresis	  
	   In	  1984,	  Schwartz	  and	  Cantor	  introduced	  a	  new	  type	  of	  electrophoresis	  called	  
Pulsed	  Field	  Gradient	  Gel	  Electrophoresis	  (Schwartz	  and	  Cantor,	  1984).	  The	  new	  
technique	  added	  electrodes	  perpendicular	  to	  the	  usual	  electrophoresis	  layout.	  They	  also	  
used	  a	  non-­‐uniform	  charge	  in	  one	  direction	  to	  increase	  resolution.	  This	  new	  method	  
allowed	  them	  to	  achieve	  what	  was	  once	  impossible,	  the	  separation	  of	  DNA	  larger	  than	  
750kb.	  This	  finally	  allowed	  analysis	  of	  whole	  genomes;	  and	  Schwartz	  and	  Cantor	  
separated	  yeast	  chromosomal	  DNA	  to	  illustrate	  this	  ability.	  
	   While	  this	  new	  method	  did	  allow	  for	  the	  separation	  of	  chromosomal	  DNA,	  the	  
DNA	  ran	  diagonally	  across	  the	  gel	  and	  made	  it	  difficult	  to	  compare	  samples	  on	  the	  same	  
gel.	  Chu,	  Vollrath,	  and	  Davis	  improved	  this	  method	  by	  adding	  an	  additional	  set	  of	  
electrodes	  to	  the	  perpendicular	  plane	  and	  putting	  them	  at	  an	  angle	  (Chu,	  Vollrath,	  and	  
Davis,	  1986).	  They	  also	  did	  away	  with	  the	  gradient	  aspect	  of	  the	  electrodes.	  The	  new	  
“contour-­‐clamped	  homogeneous	  electric	  field	  (CHEF)”	  method	  worked	  by	  alternating	  
the	  electric	  field	  pulses	  between	  the	  two	  orientations,	  which	  were	  120°	  apart.	  This	  new	  
configuration	  and	  homogeneous	  field	  allowed	  the	  DNA	  to	  travel	  down	  the	  gel	  in	  a	  
straight	  line,	  which	  allowed	  for	  much	  easier	  comparison	  of	  samples	  within	  the	  same	  gel.	  	  
The	  ability	  to	  separate	  whole	  genomes	  and	  compare	  them	  on	  a	  single	  gel	  
revolutionized	  epidemiological	  tracking	  of	  pathogens.	  In	  the	  wake	  of	  the	  Jack-­‐in-­‐the-­‐Box	  
outbreak	  in	  the	  western	  United	  States,	  the	  CDC	  collaborated	  with	  the	  Association	  of	  
Public	  Health	  Laboratories	  to	  find	  a	  new	  method	  that	  would	  allow	  for	  more	  rapid	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detection	  of	  foodborne	  illness	  outbreaks	  across	  the	  country.	  Pulsed	  Field	  Gel	  
Electrophoresis	  (PFGE)	  was	  found	  to	  be	  ideal	  for	  this	  purpose.	  They	  developed	  the	  
PulseNet	  database	  to	  enable	  laboratories	  from	  across	  the	  country	  to	  upload	  PFGE	  
patterns	  and	  compare	  them	  using	  the	  Bionumerics	  software	  package.	  Standard	  
protocols	  have	  been	  developed	  for	  foodborne	  pathogens	  to	  ensure	  the	  uniformity	  of	  
patterns	  uploaded	  for	  analysis.	  Due	  to	  the	  ease	  of	  comparison	  and	  uniformity	  of	  the	  
data,	  PFGE	  has	  become	  the	  gold	  standard	  for	  epidemiologic	  typing	  of	  bacterial	  
foodborne	  pathogens.	  However,	  PulseNet	  released	  an	  update	  indicating	  a	  move	  away	  
from	  PFGE	  and	  towards	  newer	  sequenced	  based	  approaches	  to	  outbreak	  tracking	  
(Gerner-­‐Smidt	  et	  al.,	  2006).	  
Mulitlocus	  Sequence	  Typing	  	  
Mulitlocus	  sequence	  typing	  (MLST),	  first	  introduced	  by	  Maiden	  and	  others	  
(1998),	  is	  designed	  to	  analyze	  housekeeping	  genes	  that	  are	  less	  susceptible	  to	  mutations	  
due	  to	  selective	  pressures.	  Each	  nucleotide	  substitution	  in	  the	  gene	  is	  treated	  as	  a	  new	  
allele	  and	  by	  combining	  the	  allele	  types	  of	  the	  target	  housekeeping	  genes,	  a	  sequence	  
type	  is	  given	  for	  the	  bacteria.	  Sequences	  give	  a	  non-­‐subjective	  analysis	  of	  the	  bacteria,	  
which	  allows	  for	  simple	  and	  direct	  comparison	  between	  strains	  and	  laboratories.	  
Housekeeping	  genes	  have	  low	  mutation	  rates,	  which	  make	  them	  better	  for	  analysis	  of	  
strain	  evolution,	  but	  not	  ideal	  for	  epidemiological	  studies	  where	  more	  recent	  mutations	  
can	  give	  a	  better	  indication	  of	  relatedness	  (Noller	  et	  al.,	  2003,	  Foley	  et	  al.,	  2006).	  The	  
addition	  of	  virulence	  genes,	  as	  in	  muti-­‐virulence-­‐locus	  sequence	  typing	  (MVLST),	  or	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other	  highly	  variable	  genes	  can	  give	  better	  discriminatory	  power	  for	  typing	  isolates	  
(Zhang,	  Jayarao,	  and	  Knabel,	  2004,	  Tankouo-­‐Sandjong	  et	  al.,	  2007,	  Foley	  et	  al.,	  2006).	  	  
Even	  though	  PFGE	  is	  the	  gold	  standard	  for	  epidemiologic	  studies,	  the	  genome	  of	  
Campylobacter	  has	  proven	  to	  be	  more	  complex	  and	  unique	  than	  can	  be	  accurately	  
described	  by	  a	  PFGE	  pattern.	  The	  amount	  of	  variation	  within	  the	  genome	  enhances	  the	  
discriminatory	  power	  of	  traditional	  MLST,	  which	  focuses	  solely	  on	  the	  housekeeping	  
genes	  aspA,	  glnA,	  gltA,	  glyA,	  pgm,	  tkt,	  and	  uncA	  (Dingle	  et	  al.,	  2001).	  While	  the	  inter-­‐
laboratory	  reproducibility	  is	  very	  high	  for	  MLST,	  it	  requires	  a	  sequencer.	  These	  machines	  
have	  been	  out	  of	  the	  price	  range	  for	  most	  laboratories	  until	  fairly	  recently,	  making	  this	  
typing	  method	  valuable	  but	  not	  appropriate	  for	  ubiquitous	  use	  in	  epidemiologic	  studies.	  
As	  the	  cost	  of	  sequencers,	  and	  sequencing	  in	  general,	  has	  begun	  to	  rapidly	  decline	  
(Wetterstrand,	  2014),	  the	  use	  of	  MLST	  as	  an	  epidemiological	  tracking	  tool	  for	  
Campylobacter	  has	  become	  more	  feasible.	  	  
flaA	  Typing	  
	   While	  MLST	  possesses	  high	  discriminatory	  power,	  it	  does	  not	  always	  have	  
enough	  information	  needed	  for	  outbreak	  tracking.	  The	  sequencing	  of	  the	  flaA	  gene,	  
which	  is	  a	  short	  variable	  region	  (SVR)	  within	  the	  genome	  controlling	  the	  main	  flagellin	  
protein	  (Meinersmann	  et	  al.,	  1997),	  can	  provide	  additional	  discriminatory	  power	  (Sails,	  
Swaminathan,	  and	  Fields,	  2003,	  Dingle	  et	  al.,	  2008,	  Clark	  et	  al.,	  2012).	  flaA	  typing	  gives	  
approximately	  the	  same	  discriminatory	  power	  as	  serotyping,	  but	  also	  allows	  for	  the	  
determination	  of	  genetic	  relatedness	  of	  isolates	  at	  the	  locus.	  Single	  gene	  typing,	  while	  
simpler,	  will	  inherently	  be	  less	  descriptive	  than	  multiple	  gene	  typing.	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Whole	  Genome	  Sequencing	  
As	  mentioned	  previously,	  the	  cost	  of	  sequencing	  has	  dropped	  drastically	  and	  the	  
time	  needed	  to	  sequence	  a	  whole	  genome	  has	  also	  been	  reduced	  to	  a	  point	  where	  
whole	  genome	  sequencing	  is	  becoming	  a	  viable	  option	  for	  outbreak	  tracking.	  Whole	  
genome	  sequencing	  was	  applied	  to	  the	  E.	  coli	  O104:H4	  strain	  that	  caused	  a	  foodborne	  
illness	  outbreak	  that	  affected	  multiple	  countries	  (CDC,	  2011).	  With	  this	  approach,	  the	  
data	  was	  available	  within	  a	  week	  and	  expedited	  tracking	  and	  detection	  efforts	  
(Mellmann	  et	  al.,	  2011).	  
Whole	  genome	  sequencing	  was	  utilized	  to	  identify	  and	  design	  a	  strain	  specific	  
assay.	  Furthermore,	  the	  data	  obtained	  from	  sequencing	  allowed	  identification	  of	  
specific	  virulence	  genes.	  While	  this	  is	  a	  breakthrough	  for	  epidemiological	  tracking,	  it	  is	  
still	  in	  its	  infancy.	  Sequencing	  the	  whole	  genome	  with	  sufficient	  coverage	  and	  depth	  
allows	  for	  the	  discovery	  of	  single	  nucleotide	  polymorphisms	  (SNPs),	  which	  can	  happen	  
during	  each	  replication.	  This	  could	  lead	  to	  a	  situation	  where	  two	  isolates	  are	  found	  to	  be	  
different,	  but	  part	  of	  the	  same	  outbreak.	  Therefore,	  determining	  a	  limit	  for	  relatedness	  
is	  required.	  This	  is	  something	  that	  needs	  to	  be	  established	  before	  whole	  genome	  
sequencing	  can	  replace	  the	  current	  typing	  methods.	  	  
Unlike	  other	  typing	  methods,	  the	  use	  of	  whole	  genome	  sequencing	  allows	  for	  
additional	  data	  mining	  applications.	  Having	  the	  whole	  genome	  sequences	  gives	  access	  
to	  virulence	  mechanisms,	  structural	  variation,	  resistance	  determinants,	  potential	  
vaccine	  targets,	  and	  general	  biologic	  functions	  (Baba	  et	  al.,	  2002;	  Fouts	  et	  al.,	  2005;	  
Parkhill	  et	  al.,	  2001;	  Cole	  et	  al.,	  1998).	  These	  features	  can	  lead	  to	  a	  better	  understanding	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of	  the	  pathogens	  and	  aid	  in	  development	  of	  new	  methods	  and	  technologies	  to	  prevent	  
further	  outbreaks.	  
CONCLUSIONS	  
	   Campylobacter	  is	  a	  genetically	  flexible	  organism,	  which	  allows	  it	  to	  adapt	  to	  a	  
variety	  of	  hosts	  and	  environments.	  Poultry	  is	  a	  primary	  source	  for	  Campylobacter	  and	  
causes	  sporadic	  infections.	  However,	  most	  outbreaks	  of	  Campylobacter	  are	  typically	  
sourced	  to	  water,	  raw	  milk	  or	  other	  foods.	  Epidemiological	  monitoring	  and	  tracking	  of	  
sporadic	  infections	  can	  be	  challenging	  due	  to	  a	  lack	  of	  data	  and	  specific	  infection	  source.	  
Comprehensive	  typing	  tools,	  including	  whole	  genome	  sequencing,	  can	  improve	  
epidemiological	  efforts	  because	  they	  can	  provide	  typing	  information	  as	  well	  as	  the	  
presence	  of	  virulence	  and	  resistance	  factors,	  vaccine	  targets,	  and	  host	  specific	  
determinants.	  The	  wealth	  of	  data	  provided	  by	  whole	  genome	  sequencing	  can	  reveal	  
differences	  between	  populations	  and	  provide	  information	  regarding	  the	  impact	  poultry	  
production	  practices	  have	  on	  genotypic	  and	  phenotypic	  characteristics	  of	  
Campylobacter.	  This	  information	  can	  then	  be	  used	  to	  enhance	  targeted	  control	  efforts	  
and	  reduce	  the	  burden	  of	  human	  campylobacteriosis.	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APPENDIX	  
	  
	  
Figure	  1.1.	  A	  diagram	  of	  the	  mechanisms	  in	  Campylobacter	  used	  to	  eliminate	  roxarsone	  
(Rox)	  from	  the	  cell	  (ArsP),	  to	  reduce	  arsenate	  to	  arsenite	  (ArsC),	  and	  to	  eliminate	  
arsenite	  from	  the	  cell	  (Acr3,	  ArsB)	  (Adapted	  from	  Shen	  et	  al.,	  2013).	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Chapter	  2:	  Evaluation	  of	  Whole	  Genome	  Sequencing	  as	  a	  Genotyping	  Tool	  
for	  Campylobacter	  jejuni	  by	  Comparison	  with	  Pulsed-­‐Field	  Gel	  
Electrophoresis	  and	  flaA	  Typing	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ABSTRACT	  
Whole	  genome	  sequencing	  as	  a	  genotyping	  method	  was	  compared	  to	  two	  commonly	  
used	  genotyping	  methods	  for	  C.	  jejuni,	  pulsed-­‐field	  gel	  electrophoresis	  (PFGE)	  and	  flaA	  
typing.	  Whole	  genome	  data	  was	  generated	  using	  the	  Roche-­‐454	  sequencing	  platform	  to	  
sequence	  and	  map	  Campylobacter	  strains	  (VOL_3,	  VOL_5,	  VOL_8,	  VOL_11	  and	  VOL_20)	  
isolated	  from	  conventional	  and	  organic	  poultry.	  Five	  additional	  isolates	  with	  published	  
genomes	  were	  also	  compared.	  PFGE	  profiles	  were	  created	  using	  SmaI.	  For	  the	  flaA	  SVR	  
sequencing,	  standard	  PCR	  methods	  were	  used	  and	  high	  quality	  Sanger	  reads	  were	  
generated.	  The	  PFGE	  profiles	  of	  VOL_3	  and	  VOL_11	  were	  indistinguishable	  and	  strain	  
VOL_20	  was	  indistinguishable	  from	  NCTC	  11168.	  	  Of	  the	  eight	  strains,	  two	  strains	  
(VOL_3	  and	  VOL_11)	  were	  identical	  via	  flaA	  typing.	  Whole	  genome	  comparisons	  
between	  VOL_20	  and	  11168	  agreed	  with	  the	  PFGE	  profiles	  as	  these	  two	  isolates	  had	  
very	  similar	  genome	  sizes,	  a	  number	  of	  shared	  genes	  (1580),	  and	  very	  similar	  %	  G-­‐C	  
content	  (30.6).	  Investigation	  of	  resistance	  factors	  among	  the	  isolates	  identified	  varying	  
levels	  of	  antibiotic	  and	  heavy	  metal	  resistance.	  Interestingly,	  only	  conventional	  isolates	  
possessed	  heavy	  metal	  resistance	  for	  arsenic.	  From	  the	  data,	  it	  appears	  whole	  genome	  
sequencing	  may	  be	  a	  suitable	  typing	  method,	  but	  currently	  genome	  assembly	  poses	  a	  
hindrance	  to	  its	  routine	  use.	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INTRODUCTION	  
Campylobacter	  jejuni	  is	  the	  most	  significant	  member	  of	  the	  genus	  Campylobacter	  due	  to	  
its	  pathogenic	  abilities.	  The	  pathogen	  is	  Gram-­‐negative,	  thermophilic,	  spiral-­‐shaped,	  and	  
fastidious	  in	  nutrient	  and	  environmental	  requirements.	  The	  bacterium	  is	  well	  adapted	  to	  
the	  environment	  of	  the	  intestinal	  tract	  within	  poultry	  due	  to	  the	  relatively	  higher	  body	  
temperature.	  The	  highly	  studied	  and	  sequenced	  strain	  81-­‐176	  contains	  approximately	  
1654	  genes,	  about	  ½	  the	  number	  of	  genes	  present	  in	  Escherichia	  coli,	  and	  1/3	  the	  
number	  of	  genes	  present	  in	  Salmonella	  Typhimurim	  (Parkhill	  et	  al.,	  2000).	  Similarly,	  
Campylobacter	  is	  comparatively	  very	  small,	  about	  0.2	  to	  0.8	  microns	  wide	  and	  0.5	  
microns	  long	  (Debruyne	  et	  al.,	  2008).	  The	  reduced	  genome	  size	  is	  clearly	  reflected	  by	  
reduced	  metabolic	  abilities	  as	  only	  secondary	  metabolites,	  amino	  acids,	  or	  tricarboxylic	  
acid	  cycle	  intermediates,	  and	  not	  6-­‐carbon	  sugars,	  are	  able	  to	  be	  utilized.	  Thus,	  
Campylobacter	  is	  somewhat	  dependent	  on	  other	  microorganisms	  and	  fares	  well	  in	  
microbial	  communities	  such	  as	  those	  found	  in	  the	  gastrointestinal	  tract.	  
C.	  jejuni	  is	  a	  leading	  cause	  of	  human	  foodborne	  gastroenteritis	  and	  one	  of	  the	  major	  
routes	  of	  human	  campylobacteriosis	  is	  assumed	  to	  be	  the	  consumption	  or	  handling	  of	  
contaminated	  poultry	  meat	  products	  (Scallan	  et	  al.,	  2011;	  Newell	  et	  al.,	  2001).	  It	  has	  
been	  reported	  that	  nearly	  98%	  of	  chicken	  flocks	  in	  the	  United	  States	  are	  colonized	  by	  C.	  
jejuni	  (Stern	  et	  al.,	  2001).	  Levels	  of	  colonization	  have	  been	  reported	  at	  105	  to	  109	  cfu	  per	  
gram	  of	  intestinal	  contents	  (Lee	  and	  Newell,	  2006).	  Carcass	  levels	  of	  contamination	  
similarly	  have	  been	  reported	  to	  vary	  from	  102	  to	  105	  cfu	  per	  carcass	  (Berndston	  et	  al.,	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1992).	  Given	  these	  contamination	  levels	  and	  because	  C.	  jejuni	  has	  a	  low	  infective	  dose	  
of	  about	  500	  cells,	  poultry	  and	  poultry	  products	  possess	  a	  high	  risk	  of	  C.	  jejuni	  infections	  
in	  humans	  (Jacobs-­‐Reitsma	  et	  al.,	  2008).	  	  
Typing	  isolates	  is	  an	  important	  aspect	  of	  epidemiological	  studies	  for	  tracing	  sources	  and	  
routes	  of	  transmission,	  identifying	  and	  monitoring	  geographical	  and	  temporal	  
characteristics,	  and	  for	  developing	  control	  strategies.	  Multiple	  typing	  methods	  have	  
been	  applied	  including	  antibiotic	  resistance,	  phage	  typing,	  serotyping,	  and	  several	  
genetic	  based	  methods.	  Although	  genetic	  typing	  methods	  are	  becoming	  more	  popular,	  
utilization	  of	  multiple	  methods	  has	  become	  necessary	  due	  to	  the	  enormous	  genetic	  
variation	  of	  C.	  jejuni.	  With	  the	  advances	  in	  whole	  genome	  sequencing,	  a	  parallel	  view	  of	  
multiple	  genomes	  is	  possible.	  With	  this	  approach,	  information	  including	  essential	  genes	  
for	  infection	  and	  epidemiological	  tracking	  data	  might	  be	  mined.	  	  
METHODS	  
Strain	  Isolation	  and	  Characterization	  
Five	  strains	  of	  C.	  jejuni,	  three	  isolated	  from	  whole	  raw	  retail	  poultry	  carcasses	  reared	  
under	  conventional	  methods	  and	  two	  isolated	  from	  whole	  raw	  poultry	  carcasses	  reared	  
in	  pastures,	  were	  isolated	  as	  previously	  described	  (Hanning	  et	  al.,	  2010).	  Briefly,	  whole	  
carcasses	  were	  rinsed	  in	  400mL	  of	  phosphate	  buffered	  saline	  (PBS)	  for	  2min	  using	  an	  
arcing	  motion.	  A	  50mL	  subsample	  was	  centrifuged,	  and	  the	  pellet	  resuspended	  in	  10mL	  
of	  PBS.	  	  A	  100µL	  aliquot	  of	  the	  resuspended	  pellet	  was	  directly	  plated	  onto	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Campylobacter	  Line	  agar	  (CLA;	  (Line,	  2001)).	  The	  plates	  were	  incubated	  at	  42⁰C	  under	  
microaerophilic	  conditions	  for	  48	  hours.	  Suspect	  colonies	  were	  confirmed	  using	  latex	  
agglutination,	  primers	  specific	  for	  C.	  jejuni,	  Gram-­‐staining,	  and	  visual	  inspection	  in	  a	  
microscope	  under	  oil	  immersion	  objective	  for	  spiral	  shape	  and	  typical	  motility	  
characteristics	  (Linton	  et	  al.,	  1997).	  Isolates	  were	  also	  subjected	  to	  the	  hippurate	  test	  to	  
differentiate	  C.	  jejuni	  from	  other	  species	  of	  Campylobacter	  (Harvery,	  1980).	  All	  isolates	  
were	  passed	  twice	  on	  CLA	  for	  purity	  and	  stored	  in	  50:50	  glycerol	  prior	  to	  genotyping	  
analysis.	  After	  isolation,	  the	  three	  strains	  of	  C.	  jejuni	  isolated	  from	  carcasses	  reared	  
under	  conventional	  methods	  were	  assigned	  the	  strain	  ID’s	  of	  VOL_3,	  VOL_5	  and	  VOL_11	  
and	  the	  two	  strains	  isolated	  from	  carcasses	  reared	  under	  organic	  pasture	  flock	  methods	  
were	  assigned	  ID’s	  of	  VOL_8	  and	  VOL_20.	  Five	  additional	  strains	  of	  Campylobacter	  
having	  the	  whole	  genomes	  previously	  published	  were	  included	  in	  this	  study,	  RM1221,	  
NCTC	  81-­‐176,	  NCTC	  11828	  (81116),	  NCTC	  11168	  and	  ATCC	  BAA-­‐1458	  	  (269.97).	  	  
flaA	  Typing	  
The	  flaA	  sequencing	  of	  the	  strains	  was	  performed	  as	  previously	  described	  
(Meinersmann	  et	  al.,	  1997).	  Two	  sequences	  were	  generated	  for	  each	  strain	  consisting	  of	  
the	  entire	  flaA	  sequence	  (1724	  bp)	  and	  the	  short	  variable	  region	  (SVR;	  621	  bp).	  	  To	  
generate	  the	  entire	  flaA	  sequence	  the	  forward	  primer	  FLA4F	  (5’GGA	  TTT	  CGT	  ATT	  AAC	  
ACA	  AAT	  GGT	  GC	  3’)	  and	  reverse	  primer	  FLA1728R	  (5’	  CTG	  TAG	  TAA	  TCT	  TAA	  AAC	  ATT	  
TTG	  3’)	  were	  used.	  For	  the	  SVR,	  the	  primer	  set	  242F	  (5’	  CTA	  TGG	  ATG	  AGC	  AAT	  T(AT)A	  
AAA	  T	  3’)	  and	  625R	  (5’	  CAA	  G(AT)C	  CTG	  TTC	  C(AT)A	  CTG	  AAG	  3’)	  were	  used.	  All	  primers	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were	  synthesized	  by	  Integrated	  DNA	  Technologies	  (Coralville,	  IA).	  For	  sequencing,	  PCR	  
amplicons	  were	  purified	  by	  a	  QIAquick	  PCR	  purification	  kit	  (Qiagen,	  Valencia,	  CA,	  USA)	  
and	  sequenced	  using	  the	  aforementioned	  primers.	  Sequencing	  was	  carried	  out	  in	  an	  ABI	  
3100	  capillary	  analyzing	  system	  (Applied	  Biosystems,	  Foster	  City,	  CA,	  USA).	  Sequences	  
were	  aligned	  with	  computer	  analysis	  using	  LaserGene	  software	  and	  the	  programs	  
EditSeq,	  SeqMan	  and	  MegAlign	  software	  to	  generate	  a	  dendrogram	  based	  on	  sequence	  
similarity	  by	  the	  clustalW	  method	  (DNAstar	  Inc.,	  Madison,	  WI).	  The	  sequences	  were	  also	  
compared	  to	  a	  flaA	  database	  to	  determine	  similarities	  to	  other	  strains	  
(http://hercules.medawar.ox.ac.uk/flaA/).	  
Pulsed-­‐Field	  Gel	  Electrophoresis	  (PFGE)	  
The	  PFGE	  method	  was	  performed	  according	  to	  the	  CDC	  PulseNet	  protocol	  with	  
modifications	  specifically	  for	  Campylobacter	  (Ribot	  et	  al.,	  2001).	  Briefly,	  bacteria	  were	  
cultured	  on	  Campylobacter	  agar	  supplemented	  with	  5%	  defibrinated	  horse	  blood.	  A	  
loop	  of	  bacteria	  was	  suspended	  in	  phosphate	  buffered	  saline	  (PBS)	  and	  optical	  density	  
adjusted	  to	  0.6	  at	  a	  wavelength	  of	  630	  nm.	  The	  suspension	  was	  added	  in	  a	  1:1	  ratio	  to	  
SeaKem	  gold	  agarose	  and	  proteinase	  K	  (100mg/mL)	  and	  dispensed	  into	  plug	  molds	  (Bio-­‐
Rad,	  Hercules,	  CA).	  After	  solidifying,	  plug	  molds	  were	  lysed	  in	  buffer	  (50mM	  Tris,	  50mM	  
EDTA	  (pH	  8.0),	  1%	  sarcosine,	  and	  100mg/mL	  proteinase	  K)	  at	  54°C	  for	  15min.	  After	  
cooling,	  genomic	  DNA	  was	  digested	  with	  40	  units	  of	  the	  restriction	  enzyme	  SmaI	  
(Clontech,	  Mountain	  View,	  CA.)	  at	  25⁰C	  for	  two	  hours	  according	  to	  the	  manufacturer’s	  
instructions.	  Digested	  DNA	  was	  electrophoresed	  using	  a	  CHEF	  mapper	  system	  (Bio	  Rad)	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with	  an	  initial	  switch	  time	  of	  6.8s	  and	  final	  switch	  time	  of	  38.4s,	  voltage	  of	  6V/cm	  and	  
angel	  of	  120°.	  Gels	  were	  stained	  with	  40mg	  of	  Ethidium	  Bromide	  in	  a	  400mL	  solution	  of	  
1X	  TBE	  for	  40	  minutes	  and	  destained	  for	  10	  minutes	  in	  sterile	  distilled	  water.	  Gels	  were	  
viewed	  with	  UV	  transillumination.	  Two	  electrophoresis	  standards,	  Low	  range	  PFG	  and	  
Mid	  Range	  I	  PFG	  Markers	  (New	  England	  Biolabs,	  Ipswich,	  MA)	  were	  utilized	  to	  compare	  
the	  band	  sizes.	  
Genome	  Sequencing	  
For	  de	  novo	  sequencing,	  in	  addition	  to	  the	  five	  strains	  described	  in	  the	  previous	  section,	  
the	  reference	  strain	  NCTC	  11168	  was	  also	  sequenced	  for	  quality	  control	  purposes.	  
Genomic	  DNA	  was	  prepared	  from	  isolates	  cultured	  as	  described	  in	  the	  previous	  section	  
using	  the	  Aqua	  Pure	  Genomic	  DNA	  kit	  (Bio	  Rad).	  Genome	  sequencing	  was	  performed	  as	  
previously	  described	  by	  Poly	  and	  others	  (2007).	  Briefly,	  the	  genomes	  were	  sequenced	  
using	  a	  454	  Life	  Sciences	  GS	  FLX	  Titanium	  series	  sequencer	  (Roche	  Diagnostics,	  Branford,	  
CT,	  USA).	  Strains	  were	  sequenced	  to	  a	  depth	  of	  16-­‐fold	  or	  greater	  and	  were	  assembled	  
de	  novo	  by	  the	  454	  Newbler	  de	  novo	  assembler	  (Roche)	  to	  294	  contigs	  per	  genome,	  on	  
average.	  Statistical	  analysis	  using	  Lander-­‐Waterman	  methods	  predicted	  that	  more	  than	  
99.9%	  of	  each	  genome	  was	  sequenced.	  Sequencing	  yielded	  a	  total	  of	  1,001,614	  total	  
reads	  with	  a	  modal	  read	  length	  of	  504bp.	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Assembly	  and	  Mapping	  of	  Genomes	  	  
The	  genomic	  contigs	  were	  ordered	  and	  oriented	  into	  scaffolds	  by	  mapping	  the	  contigs	  
against	  the	  two	  fully	  sequenced	  genomes	  (NCTC	  11168	  and	  RM	  1221)	  using	  the	  454	  
Newbler	  software	  (Roche).	  A	  visual	  inspection	  of	  the	  alignments	  and	  mapping	  was	  done	  
for	  each	  strain	  and	  viewed	  using	  EagleView	  (Huang	  and	  Marth,	  2008).	  Gap	  closures	  were	  
done	  by	  designing	  primers	  (IDT,	  Coraville,	  IN)	  against	  the	  ends	  of	  the	  ordered	  contigs	  
and	  sequencing	  PCR	  products	  with	  high	  quality	  Sanger	  reads	  (Applied	  Biosystems,	  
Carlsbad,	  CA).	  Regions	  of	  repetitive	  sequence	  caused	  the	  remainder	  of	  the	  assembly	  
gaps	  as	  determined	  by	  mapping	  contigs	  against	  the	  fully	  sequenced	  strains	  RM1221	  and	  
NCTC	  11168.	  	  
Genome	  Annotations	  and	  Comparisons	  
The	  complete	  genome	  sequences	  for	  C.	  jejuni	  strains	  81116	  (NCTC	  11828),	  269.97,	  
RM1221,	  11168	  and	  81-­‐176	  were	  accessed	  under	  the	  GenBank	  accession	  numbers	  
CP000814,	  CP000768,	  CP000025,	  NC_002163.1,	  and	  CP000538,	  respectively.	  	  For	  all	  
strains	  in	  this	  study,	  open	  reading	  frame	  (ORF)	  predictions	  and	  gene	  annotation	  were	  
done	  using	  the	  Rapid	  Annotation	  Using	  Sub-­‐system	  Technology	  (RAST)	  tool	  version	  2.0	  
(http://rast.nmpdr.org/)	  automated	  annotation	  pipeline	  (Aziz	  et	  al.,	  2008).	  Genome	  
comparisons	  were	  done	  using	  the	  SEED	  viewer	  version	  2.0	  for	  both	  function	  based	  
comparison	  and	  sequence	  based	  comparisons	  (Overbeek	  et	  al.,	  2005).	  An	  e	  value	  of	  10-­‐2	  
was	  selected	  as	  a	  threshold	  for	  ORF	  function	  attribution	  (Poly	  et	  al.,	  2005).	  To	  view	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genomic	  rearrangements,	  sequences	  were	  also	  aligned	  and	  viewed	  using	  MAUVE	  
version	  2.3.1	  (Darling	  et	  al.,	  2004).	  
RESULTS	  	  
PFGE	  
The	  digestion	  and	  electrophoresis	  produced	  banding	  patterns	  that	  varied	  from	  7	  to	  10	  in	  
the	  total	  number	  of	  bands	  produced.	  The	  patterns	  produced	  by	  the	  digestion	  of	  
genomic	  DNA	  using	  the	  restriction	  enzyme	  Sma	  I	  were	  compared	  and	  a	  dendrogram	  
based	  on	  the	  similarity	  index	  was	  produced	  (Figure	  2.1).	  The	  number	  of	  bands	  produced	  
did	  not	  correlate	  to	  the	  source	  of	  the	  isolate.	  Two	  of	  the	  newly	  sequenced	  isolates	  
(VOL_3	  and	  VOL_11)	  had	  indistinguishable	  PFGE	  profiles.	  Strain	  VOL_20	  had	  a	  PFGE	  
profile	  that	  was	  indistinguishable	  from	  that	  of	  C.	  jejuni	  strain	  NCTC	  11168.	  	  The	  
remaining	  six	  PFGE	  profiles	  were	  all	  unique.	  	  
flaA	  Typing	  
The	  alignment	  of	  the	  flaA	  sequences	  is	  shown	  in	  Figure	  2.2.	  We	  observed	  that	  two	  
strains	  VOL_3	  and	  VOL_11	  had	  identical	  flaA	  SVR	  sequences	  and	  alignment	  of	  the	  other	  
eight	  strains	  showed	  unique	  patterns	  dependent	  on	  the	  strain.	  In	  this	  study,	  we	  did	  not	  
observed	  any	  relation	  with	  source	  of	  isolation	  and	  the	  flaA	  sequencing.	  All	  the	  
sequences	  were	  compared	  to	  the	  flaA	  database	  found	  on	  the	  MLST	  organization	  web	  
page.	  Similar	  to	  the	  results	  from	  the	  sequencing	  alignment,	  the	  isolates	  were	  given	  eight	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different	  allele	  numbers.	  The	  strains	  VOL_3	  and	  VOL_11	  were	  given	  the	  same	  allele	  
number.	  Strains	  VOL_20	  and	  81-­‐176	  were	  given	  the	  same	  allele	  number,	  however	  
VOL_20	  was	  a	  close	  match	  while	  81-­‐176	  was	  an	  exact	  match	  to	  the	  allele	  number.	  	  
Whole	  Genome	  Sequencing	  
In	  this	  study,	  we	  sequenced	  and	  mapped	  five	  strains	  of	  C.	  jejuni	  isolated	  from	  retail	  
chicken	  carcasses	  and	  compared	  these	  sequences	  to	  five	  strains	  that	  had	  sequences	  
previously	  published.	  We	  also	  searched	  through	  the	  genome	  and	  compared	  presence	  or	  
absence	  of	  specific	  genes	  and	  subsystems.	  The	  purpose	  was	  to	  compare	  overall	  
similarities	  in	  sizes	  of	  the	  genomes	  in	  order	  to	  determine	  the	  core	  genome,	  and	  to	  
analyze	  specific	  gene	  and	  loci	  sequences	  for	  similarities	  and	  differences	  among	  the	  
strains	  so	  that	  targets	  might	  be	  identified	  for	  use	  in	  inferring	  host	  relationships.	  	  
The	  total	  genome	  size	  of	  Campylobacter	  jejuni	  is	  reported	  to	  vary	  from	  approximately	  
1.8	  Mb	  to	  1.6	  Mb	  depending	  on	  the	  strain	  (Parkhill	  et	  al.,	  2000;	  Champion	  et	  al.,	  2008).	  
The	  5	  strains	  that	  were	  sequenced	  in	  this	  study	  also	  varied	  in	  size	  but	  were	  included	  in	  
the	  same	  range	  as	  other	  sequenced	  strains	  (Table	  2.1).	  The	  sizes	  of	  the	  genomes	  were	  
confirmed	  by	  the	  estimates	  produced	  by	  PFGE	  patterns.	  All	  of	  the	  poultry	  isolates	  had	  
larger	  total	  genome	  sizes	  than	  isolates	  from	  human	  clinical	  illness	  cases	  with	  the	  
exception	  of	  strain	  269.97	  which	  has	  the	  largest	  genome	  of	  all	  ten	  strains	  compared	  in	  
this	  study.	  The	  %	  G-­‐C	  content	  of	  four	  of	  the	  strains	  sequenced	  in	  this	  study	  were	  slightly	  
higher	  (30.8-­‐31.2%)	  than	  has	  been	  reported	  for	  the	  published	  genomes	  against	  which	  
	   58	  
our	  sequenced	  genomes	  were	  compared	  (Table	  2.1).	  However,	  strain	  VOL_20	  had	  the	  
same	  %G-­‐C	  content	  as	  four	  isolates	  from	  human	  illnesses	  included	  in	  this	  study.	  
The	  genomes	  of	  the	  strains	  that	  were	  sequenced	  in	  this	  study	  were	  compared	  to	  five	  
strains	  with	  published	  genomes	  (81176,	  81116,	  RM1221,	  11168	  and	  269.97).	  These	  
published	  genomes	  and	  the	  newly	  sequenced	  strains	  were	  also	  compared	  with	  each	  
other	  with	  respect	  to	  presence	  or	  absence	  of	  all	  genes.	  As	  expected,	  genes	  and	  
subsystems	  coding	  for	  necessary	  functions	  (i.e.	  house	  keeping	  genes)	  were	  relatively	  
conserved	  and	  present	  in	  all	  genomes	  compared	  in	  this	  study.	  Some	  specific	  genes	  
present	  in	  these	  strains	  indicated	  that	  these	  C.	  jejuni	  isolates	  had	  a	  high	  degree	  of	  
genomic	  plasticity	  in	  specific	  regions.	  Most	  of	  the	  genes	  present	  in	  the	  poultry	  isolates	  
but	  absent	  from	  the	  human	  isolates	  had	  unknown	  or	  putative	  functions,	  or	  were	  
designated	  as	  hypothetical	  proteins.	  However,	  no	  specific	  marker	  genes	  were	  identified	  
for	  host	  association.	  	  
	  We	  then	  calculated	  the	  presence	  or	  absence	  of	  all	  genes	  between	  the	  genomes	  similar	  
to	  other	  studies	  (Dorrell	  et	  al.,	  2001)	  to	  determine	  if	  these	  comparisons	  produced	  useful	  
data	  for	  implying	  host	  association	  (Table	  2.2).	  The	  number	  of	  genes	  shared	  between	  
isolates	  was	  not	  a	  function	  of	  isolate	  source	  (Table	  2.2).	  The	  numbers	  of	  genes	  present	  
in	  the	  published	  sequence	  strains	  but	  absent	  in	  the	  newly	  sequenced	  isolates	  ranged	  
from	  62	  to	  484	  (Table	  2.2).	  Isolate	  VOL_11	  appeared	  to	  have	  the	  largest	  number	  of	  
genes	  present	  in	  the	  genome	  that	  were	  absent	  from	  the	  other	  genomes	  against	  which	  it	  
was	  compared.	  The	  percentage	  of	  genes	  present	  in	  the	  five	  sequenced	  isolates	  that	  
	   59	  
were	  absent	  from	  the	  other	  sequenced	  genes	  was	  also	  calculated	  (Table	  2.2)	  which	  also	  
appeared	  to	  be	  isolate,	  and	  not	  source,	  specific.	  	  
It	  was	  noticed	  that	  isolates	  VOL_3	  and	  VOL_5,	  as	  well	  as	  VOL_8	  and	  VOL_20,	  had	  similar	  
trends	  in	  these	  presence	  or	  absence	  analyses	  and	  that	  these	  isolates	  were	  obtained	  
from	  conventionally	  and	  organic	  pasture	  raised	  poultry,	  respectively.	  To	  further	  
investigate	  this	  relationship,	  the	  isolates	  were	  compared	  and	  assigned	  a	  similarity	  score	  
of	  nearest	  neighbor	  using	  RAST	  (Figure	  2.3).	  These	  data	  were	  then	  plotted	  and	  again	  
VOL_3	  and	  VOL_5,	  as	  well	  as	  VOL_8	  and	  VOL_20,	  tended	  to	  cluster	  while	  VOL_11	  
appeared	  to	  be	  unique.	  	  This	  same	  trend	  was	  apparent	  regarding	  %G-­‐C	  content	  but	  not	  
genome	  size.	  	  
Whole	  genome	  sequencing	  was	  also	  used	  to	  identify	  potential	  virulence	  factors	  in	  the	  
newly	  sequenced	  isolates.	  Differences	  in	  resistance	  to	  heavy	  metals	  and	  antibiotics	  were	  
apparent,	  and	  resistance	  to	  arsenic	  was	  identified	  only	  in	  Campylobacter	  isolates	  from	  
conventional	  rearing	  practices	  (VOL_3,	  VOL_5	  and	  VOL_11).	  	  VOL_3	  did	  not	  posses	  any	  
additional	  resistance	  genes,	  but	  VOL_	  5	  and	  VOL_11	  possessed	  genes	  coding	  for	  
resistance	  to	  streptothricin	  and	  tetracycline.	  The	  isolate	  from	  an	  organic	  carcass,	  VOL_8,	  
did	  not	  possess	  resistance	  genes	  to	  heavy	  metals	  or	  antibiotics.	  However,	  VOL_20,	  also	  
an	  organic	  isolate,	  possessed	  genes	  coding	  for	  resistance	  to	  beta-­‐lactams	  and	  
tetracycline.	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DISCUSSION	  
Most	  recently,	  whole	  genome	  sequencing	  was	  applied	  to	  the	  E.	  coli	  O104:H4	  strain	  that	  
caused	  the	  world’s	  largest	  outbreak	  (CDC,	  2011;	  Mellmann	  et	  al.,	  2011).	  Whole	  genome	  
sequencing	  was	  utilized	  to	  identify	  and	  design	  a	  strain	  specific	  assay.	  Furthermore,	  the	  
data	  obtained	  from	  sequencing	  allowed	  identification	  of	  specific	  virulence	  genes.	  With	  
this	  approach,	  the	  data	  was	  available	  within	  a	  week	  and	  this	  method	  expedited	  tracking	  
and	  detection	  efforts.	  	  
We	  evaluated	  this	  same	  approach	  as	  an	  epidemiological	  tool	  for	  C.	  jejuni.	  For	  this	  study,	  
we	  compared	  our	  newly	  sequenced	  strains	  with	  four	  isolates	  from	  human	  infection	  (81-­‐
176,	  81116,	  NCTC	  11168,	  269.97)	  and	  one	  strain	  isolated	  from	  poultry	  (RM1221).	  We	  
included	  the	  sequenced	  strain	  269.97	  C.	  jejuni	  subspecies	  doylei	  and	  four	  other	  strains	  
that	  are	  subspecies	  jejuni.	  Subspecies	  doylei	  has	  been	  isolated	  from	  blood,	  more	  often	  
than	  subspecies	  jejuni,	  thus	  possible	  information	  about	  virulence	  potential	  might	  be	  
obtained	  by	  comparing	  this	  strain	  with	  others	  (Parker	  et	  al.,	  2007).	  	  	  
We	  used	  PFGE	  and	  flaA	  typing	  as	  genotyping	  methods	  against	  which	  to	  compare	  whole	  
genome	  sequencing.	  We	  found	  that	  PFGE	  did	  not	  differentiate	  between	  strain	  VOL_20	  
and	  NCTC	  strain	  11168.	  However,	  flaA	  SVR	  sequencing	  did	  produce	  unique	  sequences	  
for	  these	  two	  strains.	  Similarly,	  Laturnus	  and	  others	  (2005)	  found	  six	  flaA	  types,	  but	  only	  
three	  restriction	  pattern	  types	  of	  the	  isolates	  studied	  in	  their	  work.	  Not	  surprisingly,	  
whole	  genome	  sequencing	  data	  indicated	  that	  all	  ten	  strains	  utilized	  in	  this	  study	  were	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unique	  strains	  and	  thus	  was	  the	  most	  discriminatory.	  Overall,	  the	  clonal	  relationship	  of	  
the	  isolates	  appeared	  to	  be	  different	  depending	  on	  which	  method	  was	  utilized.	  
As	  presented	  in	  the	  results	  section,	  we	  were	  not	  able	  categorize	  any	  of	  the	  isolates	  using	  
a	  specific	  target.	  This	  is	  similar	  to	  other	  reports	  of	  comparisons	  between	  poultry	  and	  
human	  isolates	  of	  C.	  jejuni	  (Poly	  et	  al.,	  2007;	  Poly	  et	  al.,	  2005;	  Parker	  et	  al.,	  2006).	  One	  
problem	  with	  finding	  a	  marker	  that	  might	  be	  suitable	  for	  associating	  the	  bacteria	  with	  a	  
host	  is	  that	  many	  of	  the	  genes	  present	  in	  C.	  jejuni	  isolated	  from	  poultry	  are	  absent	  from	  
the	  C.	  jejuni	  isolated	  from	  the	  human	  infection.	  	  This	  finding	  supported	  previously	  
published	  reports	  (Dorrell	  et	  al.,	  2001;	  Parker	  et	  al.,	  2006).	  Dorrell	  and	  others	  (2001)	  
utilized	  DNA	  microarray	  hybridization	  techniques	  and	  determined	  roughly	  21%	  of	  the	  
genes	  present	  in	  poultry	  strains	  were	  absent	  from	  the	  human	  strains	  utilized	  in	  that	  
study.	  Similarly,	  Parker	  and	  others	  (2006)	  used	  comparative	  genomic	  hybridization	  and	  
identified	  four	  large	  Campylobacter	  jejuni-­‐integrated	  elements	  that	  were	  absent	  from	  
the	  human	  strain,	  NCTC	  11168.	  Using	  a	  shotgun	  DNA	  microarray,	  Poly	  and	  colleagues	  
(2005)	  found	  unique	  genes	  in	  all	  three	  isolates	  that	  they	  compared.	  
The	  numbers	  and	  percentages	  of	  genes	  present	  or	  absent	  were	  analyzed	  and	  shown	  in	  
Table	  2.1.	  This	  analysis	  has	  been	  presented	  in	  similar	  genome	  comparison	  studies	  as	  a	  
useful	  measure	  of	  comparison,	  as	  it	  may	  reflect	  similarities	  and	  may	  imply	  genomes	  are	  
more	  similar	  with	  smaller	  percent	  absence	  or	  larger	  numbers	  of	  shared	  genes	  (Dorrell	  et	  
al.,	  2001).	  However,	  the	  results	  of	  our	  analysis	  indicate	  that	  these	  measurements	  are	  
biased	  and	  are	  a	  reflection	  of	  a	  comparison	  between	  large	  and	  small	  genomes.	  Thus,	  the	  
	   62	  
actual	  core-­‐genome	  (1456	  genes)	  shared	  among	  all	  strains	  may	  be	  a	  more	  accurate	  
number	  to	  use	  when	  comparing	  all	  the	  genomes.	  This	  number	  of	  core	  genes	  is	  similar	  to	  
that	  reported	  by	  Poly	  and	  colleagues	  (2007),	  who	  compared	  three	  genomes	  and	  found	  
that	  the	  core	  number	  of	  genes	  was	  1474	  among	  those	  three	  isolates.	  	  
One	  noticeable	  difference	  between	  isolates	  from	  poultry	  and	  humans	  was	  the	  
differences	  in	  %G-­‐C	  content.	  With	  the	  exception	  of	  VOL_20,	  the	  four	  poultry	  isolates	  
sequenced	  in	  this	  work	  had	  %G-­‐C	  contents	  ranging	  from	  30.8	  to	  31.4%,	  which	  was	  
higher	  than	  the	  G-­‐C	  content	  of	  the	  human	  isolates.	  The	  higher	  %G-­‐C	  content	  of	  these	  
poultry	  isolates	  may	  be	  due	  to	  larger	  genomes	  than	  the	  human	  isolates	  and	  many	  of	  
these	  genes	  may	  have	  been	  acquired	  by	  mechanisms	  including	  horizontal	  gene	  transfer	  
(Chan	  et	  al.,	  2008).	  This	  was	  apparent	  when	  examining	  the	  genome	  for	  insertion	  
sequences	  as	  phage	  coding	  sequences,	  including	  a	  putative	  phage	  lysozyme	  and	  phage	  
integrase,	  were	  present	  in	  four	  of	  the	  newly	  sequenced	  strains	  but	  not	  VOL_20.	  	  	  
Our	  study	  and	  others	  have	  found	  differences	  in	  G-­‐C	  content	  in	  C.	  jejuni	  genomes	  of	  
approximately	  the	  same	  size	  (Champion	  et	  al.,	  2008).	  	  It	  could	  be	  that	  isolates	  with	  
lower	  G-­‐C	  content	  may	  have	  some	  type	  of	  functional	  differences	  compared	  to	  those	  
isolates	  with	  higher	  G-­‐C	  content	  (Gu	  et	  al.,	  1998).	  Because	  Campylobacter	  is	  a	  
thermophilic	  bacterium,	  a	  high	  G-­‐C	  content	  of	  thermostable	  amino	  acids	  may	  be	  
adaptive	  to	  inhabit	  hot	  niches	  (Argos	  et	  al.,	  1979;	  Kagawa	  et	  al.,	  1984).	  Indeed,	  the	  body	  
temperature	  of	  the	  chicken	  is	  42⁰C,	  whereas	  human	  body	  temperature	  is	  37⁰C.	  But,	  it	  is	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not	  clear	  from	  this	  study	  if	  this	  advantage	  is	  truly	  related	  to	  an	  adaptive	  advantage	  for	  
host	  inhabitation	  and	  thus,	  further	  research	  will	  be	  needed	  to	  understand	  this	  finding.	  	  
Genomic	  rearrangement	  has	  been	  suggested	  as	  a	  method	  of	  survival	  against	  stress	  for	  C.	  
jejuni	  (Newell	  et	  al.,	  2001).	  The	  presence	  of	  multiple	  copies	  of	  interspacer	  sequences	  (IS)	  
that	  was	  observed	  in	  our	  isolates	  suggests	  that	  a	  high	  frequency	  of	  recombination	  may	  
be	  possible	  within	  the	  Campylobacter	  genome	  (Hanning	  et	  al.,	  2010).	  Most	  recently,	  
Stahl	  and	  Stinzi	  (2011)	  used	  transposon	  methodology	  and	  found	  that	  essential	  genes	  of	  
Campylobacter	  were	  not	  located	  in	  the	  same	  positions	  along	  the	  chromosome	  in	  
different	  strains.	  This	  confirms	  the	  genomic	  plasticity	  in	  our	  findings	  as	  well	  as	  previous	  
reports.	  This	  particular	  point	  makes	  whole	  genome	  sequencing	  advantageous	  over	  some	  
other	  genotyping	  methodology	  (flaA	  sequencing,	  MLST)	  because	  genomic	  
rearrangements	  could	  not	  be	  identified	  by	  flaA	  sequencing	  or	  MLST	  and	  thus	  differing	  
strains	  might	  be	  misidentified	  as	  clones.	  	  	  
For	  C.	  jejuni,	  the	  surprising	  degree	  of	  intra-­‐strain	  diversity	  revealed	  through	  genome	  
sequencing	  shows	  that	  each	  genome	  contains	  a	  sample	  of	  the	  genes	  potentially	  
available	  to	  members	  of	  a	  given	  population.	  It	  appears	  that	  pan-­‐genome	  of	  C.	  jejuni	  has	  
yet	  to	  be	  completely	  identified	  primarily	  due	  to	  the	  incredible	  amount	  of	  genomic	  
diversity	  (Lefebure	  et	  al.,	  2010).	  Given	  that	  C.	  jejuni	  isolated	  from	  different	  animal	  taxa	  
(cattle,	  swine,	  and	  wild-­‐birds)	  appear	  to	  have	  unique	  genotypes,	  it	  will	  be	  interesting	  to	  
see	  if	  isolates	  from	  these	  animals	  have	  new	  genes	  that	  might	  contribute	  to	  the	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pangenome	  as	  a	  whole	  (Gonzalez	  et	  al.,	  2009).	  Thus,	  whole	  genome	  sequencing	  
approaches	  offer	  opportunities	  to	  collect	  data	  beyond	  a	  genotyping	  method.	  
An	  interesting	  finding	  from	  this	  work	  was	  resistance	  to	  heavy	  metals	  and	  antibiotics	  that	  
appeared	  to	  be	  rearing	  method	  specific.	  Antibiotics	  and	  coccidiostats	  are	  not	  utilized	  in	  
organic	  production	  and	  therefore	  the	  selective	  pressure	  for	  resistance	  genes	  is	  absent	  
(USDA,	  2011).	  Thus,	  it	  was	  not	  surprising	  that	  one	  of	  the	  organic	  isolates	  did	  not	  possess	  
any	  resistance	  genes.	  However,	  our	  second	  isolate	  did	  code	  for	  resistance	  to	  
tetracyclines	  and	  beta-­‐lactams.	  Resistant	  Campylobacter	  have	  been	  isolated	  from	  
organic	  farms	  and	  may	  be	  an	  indicator	  of	  the	  use	  of	  antibiotics	  at	  the	  breeder	  level	  and	  
persisting	  in	  the	  production	  stock	  (Cui	  et	  al.,	  2005;	  Luangtongkum	  et	  al.,	  2006).	  Unlike	  
antibiotics,	  resistance	  to	  arsenic	  was	  only	  present	  in	  conventional	  isolates.	  This	  is	  most	  
likely	  the	  result	  of	  coccidiostat	  usage	  in	  conventional	  farming.	  Coccidiostats	  are	  
compounds	  used	  to	  control	  parasites	  and	  it	  has	  been	  demonstrated	  that	  the	  use	  of	  the	  
organoarsenical	  roxarsone	  as	  a	  coccidiostat	  can	  lead	  to	  arsenic	  resistance	  in	  bacteria	  
isolated	  from	  poultry	  (Sapkota	  et	  al.,	  2006).	  	  
Two	  potential	  factors	  that	  need	  improvement	  were	  noticed	  during	  the	  course	  of	  this	  
research.	  First,	  many	  of	  the	  proteins	  in	  the	  C.	  jejuni	  genome	  have	  unknown,	  
hypothetical,	  or	  putative	  functions	  (Stahl	  and	  Stintzi,	  2011).	  Much	  information	  is	  lacking	  
about	  the	  mechanisms	  of	  how	  C.	  jejuni	  causes	  disease	  and	  colonize	  poultry.	  Perhaps	  
investigations	  and	  elucidation	  of	  these	  proteins	  with	  unknown	  functions	  will	  further	  the	  
knowledge	  about	  this	  pathogen.	  Secondly,	  although	  the	  sequencing	  technology	  is	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becoming	  less	  expensive,	  the	  main	  cost	  associated	  whole	  genome	  sequencing	  lies	  in	  the	  
man-­‐hours	  needed	  to	  assemble	  the	  genome.	  Thus,	  improved	  tools	  are	  needed	  in	  order	  
to	  expedite	  the	  assembly	  of	  genomes.	  The	  availability	  of	  more	  tools	  may	  facilitate	  the	  
use	  of	  whole	  genome	  sequencing	  as	  an	  epidemiological	  tool.	  	  
CONCLUSIONS	  
	   In	  conclusion,	  we	  found	  that	  the	  relationship	  among	  the	  strains	  was	  specific	  to	  
one	  of	  the	  three	  typing	  methods	  utilized	  and	  none	  of	  the	  typing	  methods	  completely	  
agreed	  on	  the	  clonal	  relationship	  among	  the	  strains.	  Whole	  genome	  sequencing	  
provided	  unique	  genotyping	  data	  including	  genome	  size,	  percent	  G-­‐C	  content,	  and	  
identification	  of	  genomic	  rearrangements.	  Due	  to	  the	  genomic	  variability	  and	  plasticity	  
of	  C.	  jejuni,	  genotyping	  methods	  such	  as	  MLST	  and	  flaA	  typing	  would	  not	  be	  able	  to	  
detect	  gene	  rearrangements	  and	  could	  falsely	  identify	  different	  strains	  as	  clones.	  Whole	  
genome	  sequencing	  also	  provides	  further	  data	  mining	  opportunities	  to	  identify	  genes	  
relating	  to	  survival,	  virulence,	  and	  pathogenesis	  by	  comparing	  sequences	  of	  strains.	  
Thus,	  this	  one	  tool	  can	  provide	  researchers	  with	  much	  useful	  data.	  One	  limitation	  of	  this	  
study	  is	  the	  small	  number	  of	  isolates	  utilized.	  Thus,	  further	  work	  may	  be	  needed	  to	  
confirm	  these	  results.	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APPENDIX	  
Table	  2.1.	  Characteristics	  of	  the	  Campylobacter	  jejuni	  strains	  sequenced	  in	  this	  study	  
and	  strains	  with	  previously	  published	  genomes.	  
Isolate	  source	   Strain	  I.D.	   Size	  (BP)	   %	  GC	  
Conventional	  poultry	   VOL_3	   1812128	   31.2	  
Conventional	  poultry	   VOL_5	   1820847	   31.2	  
Conventional	  poultry	   VOL_11	   1766869	   31.4	  
Pasture	  flock	  poultry	   VOL_8	   1834433	   30.8	  
Pasture	  flock	  poultry	   VOL_20	   1669055	   30.6	  
Poultry	  isolate	   RM1221	   1777831	   30.3	  
Human	   269-­‐97	   1845106	   30.6	  
Human	   81116	   1628115	   30.6	  
Human	   81176	   1616554	   30.6	  
Human	   11168	   1641841	   30.6	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Table	  2.2.	  Comparisons	  of	  genes	  in	  C.	  jejuni	  isolates	  sequenced	  in	  this	  study	  and	  
published	  genomes	  of	  C.	  jejuni.	  Number	  of	  shared	  genes,	  percentage	  of	  genes	  present	  in	  
newly	  sequenced	  strains,	  and	  number	  of	  genes	  absent	  from	  newly	  sequenced	  strains.	  
	  
	  	  	  	  	  Isolate	   VOL_3	   VOL_5	   VOL_8	   VOL_11	   VOL_20	   Average	  
No.	  of	  shared	  genes	  between	  C.	  jejuni	  isolates	  
RM1221	   1,592	   1,568	   1,725	   1,489	   1,569	   1,588.6	  
11168	   1,528	   1,509	   1,587	   1,394	   1,580	   1,519.6	  
81116	   1,511	   1,493	   1,587	   1,369	   1,558	   1,503.6	  
81-­‐176	   1,505	   1,485	   1,570	   1,369	   1,529	   1,491.6	  
269-­‐97	   1,596	   1,676	   1,641	   1,680	   1,684	   1,655.4	  
VOL_3	   X	   1,789	   1,687	   1,638	   1,544	   1,664.5	  
VOL_5	   1,789	   X	   1,659	   1,721	   1,662	   1,680.6	  
VOL_8	   1,687	   1,659	   X	   1,575	   1,669	   1,634.3	  
VOL_11	   1,638	   1,721	   1,575	   X	   1,516	   1,604.0	  
VOL_20	   1,544	   1,662	   1,669	   1,516	   X	   1,615.6	  
Unique	  genes	  in	  the	  newly	  sequenced	  C.	  jejuni	  isolates	  (%)	  
RM1221	   18	   20	   18	   22	   11	   19.6	  
11168	   19	   20	   18	   21	   13	   19.7	  
81-­‐176	   17	   19	   16	   15	   12	   16.3	  
81116	   14	   16	   9	   22	   11	   14.8	  
269-­‐97	   16	   18	   16	   22	   14	   17.7	  
VOL_3	   X	   7	   15	   19	   14	   13.75	  
VOL_5	   7	   X	   16	   17	   14	   13.5	  
VOL_8	   15	   16	   X	   22	   7	   15	  
VOL_11	   19	   17	   22	   X	   21	   19.75	  
VOL_20	   14	   14	   7	   21	   X	   14	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Table	  2.2.	  Continued	  	  
	  	  	  	  	  Isolate	   VOL_3	   VOL_5	   VOL_8	   VOL_11	   VOL_20	   Average	  
No.	  of	  genes	  present	  in	  previously	  published	  sequenced	  strains	  but	  absent	  from	  the	  newly	  sequenced	  
strains	  
RM1221	   245	   269	   112	   348	   268	   	  
11168	   156	   185	   62	   308	   56	   	  
81116	   142	   160	   66	   284	   95	   	  
81-­‐176	   129	   150	   64	   265	   101	   	  
269-­‐97	   374	   398	   308	   484	   415	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VOL 3 
Figure	  2.1.	  A	  dendrogram	  produced	  by	  comparing	  the	  similarities	  in	  Pulsed-­‐Field	  Gel	  
electrophoretic	  banding	  patterns	  of	  the	  10	  strains	  of	  Campylobacter	  jejuni	  utilized	  in	  this	  
study	  digested	  with	  40	  U	  of	  the	  enzyme	  Sma	  I.	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Figure	  2.2.	  The	  alignment	  of	  the	  flaA	  short	  variable	  region	  of	  the	  C.	  jejuni	  isolates	  
utilized	  and	  characterized	  in	  this	  study.	  The	  asterisks	  (*)	  indicate	  a	  closest	  match	  while	  
all	  other	  strains	  had	  exact	  matches	  for	  the	  flaA	  SVR	  sequence	  in	  the	  MLST	  database.	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Figure	  2.3.	  A	  scatter	  plot	  of	  the	  nearest	  neighbor	  similarity	  index	  among	  all	  VOL	  strains.	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Chapter	  3:	  Impact	  of	  Roxarsone	  Withdrawal	  on	  Arsenic	  Resistance	  in	  
Campylobacter	  spp.	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ABSTRACT	  
Roxarsone,	  an	  organoarsenical	  coccidiostat	  previously	  used	  in	  poultry	  production,	  is	  
processed	  by	  microflora	  in	  the	  litter	  to	  inorganic	  arsenic.	  This	  may	  be	  re-­‐ingested	  by	  the	  
bird	  causing	  the	  gut	  microflora	  to	  become	  exposed	  to	  arsenic	  and	  subsequently	  select	  
for	  arsenic	  resistance.	  Given	  that	  roxarsone	  was	  voluntarily	  withdrawn	  from	  the	  market	  
in	  2011,	  we	  hypothesized	  that	  Campylobacter	  isolated	  from	  retail	  carcasses	  after	  2011,	  
would	  not	  possess	  the	  arsenic	  resistance	  genes	  observed	  in	  those	  isolated	  before	  2011.	  
Eighty-­‐two	  isolates	  of	  Campylobacter	  were	  collected	  from	  retail	  chickens	  during	  2009-­‐
2010.	  An	  additional	  65	  isolates	  were	  collected	  from	  retail	  chickens	  in	  2013	  and	  2014.	  
PCR	  primer	  sets	  specific	  for	  the	  arsenic	  resistance	  (ars)	  genes	  arsC,	  acr3,	  arsB,	  arsP,	  and	  
arsR	  were	  used	  to	  determine	  the	  presence/absence	  of	  these	  genes	  in	  the	  isolates,	  and	  
agar	  dilution	  MICs	  were	  conducted.	  Presence	  of	  most	  ars	  genes,	  except	  arsR	  and	  arsB,	  
was	  significantly	  correlated	  to	  isolates	  from	  conventional	  chickens	  Pre-­‐roxarsone	  
withdrawal	  (Pre-­‐RW).	  However,	  Post-­‐RW,	  no	  correlation	  was	  found	  between	  rearing	  
style	  and	  ars	  gene	  presence.	  Pre-­‐RW	  isolates	  from	  conventional	  chickens	  had	  
significantly	  higher	  resistance	  to	  arsenite,	  arsenate,	  and	  roxarsone	  (p<0.05)	  compared	  
to	  isolates	  from	  organic	  chickens.	  Post-­‐RW,	  isolates	  from	  conventional	  chickens	  showed	  
significantly	  higher	  resistance	  to	  just	  roxarsone	  (p=0.0040)	  compared	  to	  isolates	  from	  
organic	  chickens.	  Loss	  of	  arsenic	  resistance	  genes	  was	  not	  observed	  in	  Post-­‐RW	  isolates,	  
but	  an	  overall	  reduction	  in	  arsenate	  and	  roxarsone	  resistance	  was	  observed,	  a	  trend	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similar	  to	  C.	  jejuni	  and	  fluoroquinolone	  resistance	  after	  ban	  of	  enrofloxicin	  use	  in	  
poultry.	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INTRODUCTION	  
Campylobacter	  is	  a	  leading	  cause	  of	  human	  foodborne	  gastroenteritis	  and	  one	  of	  the	  
leading	  sources	  of	  human	  campylobacteriosis	  is	  the	  consumption	  or	  handling	  of	  
contaminated	  poultry	  meat	  products	  (Scallan	  et	  al.,	  2011;	  Wagenaar	  et	  al.,	  2008).	  It	  has	  
been	  reported	  that	  nearly	  90%	  of	  chicken	  flocks	  in	  the	  United	  States	  are	  colonized	  by	  C.	  
jejuni,	  and	  many	  of	  those	  flocks	  that	  are	  positive	  for	  Campylobacter	  become	  100%	  
positive	  within	  several	  days	  (Stern	  et	  al.,	  2001;	  Lee	  and	  Newell,	  2006).	  Levels	  of	  
colonization	  have	  been	  reported	  up	  to	  109	  cfu	  per	  gram	  of	  intestinal	  contents	  (Lee	  and	  
Newell,	  2006).	  Carcass	  levels	  of	  contamination	  have	  been	  reported	  to	  vary	  from	  102	  to	  
105	  cfu	  per	  carcass	  (Berndston	  et	  al.,	  1992).	  Given	  these	  contamination	  levels	  and	  
because	  Campylobacter	  has	  a	  low	  infectious	  dose	  of	  about	  500	  cells,	  poultry	  and	  poultry	  
products	  pose	  a	  high	  risk	  of	  Campylobacter	  infection	  to	  humans	  (Jacobs-­‐Reitsma	  et	  al.,	  
2008).	  	  
Poultry	  production	  can	  be	  divided	  into	  two	  main	  rearing	  styles,	  conventional	  and	  
organic.	  In	  conventional	  poultry	  production,	  also	  known	  as	  intensive	  rearing,	  birds	  are	  
raised	  in	  enclosed,	  high	  density	  housing	  for	  approximately	  five	  to	  six	  weeks	  before	  
slaughter	  (El-­‐Shibiny,	  Connerton,	  and	  Connerton,	  2005).	  Additionally,	  the	  use	  of	  most	  
antibiotics	  and	  coccidiostats	  to	  treat,	  control,	  or	  prevent	  disease	  is	  approved	  for	  
conventional	  poultry	  practices	  (Luangtongkum	  et	  al.,	  2006).	  In	  contrast,	  organic	  
practices	  preclude	  the	  use	  of	  antibiotics	  and	  coccidiostats,	  although	  vaccines	  are	  
allowed	  (USDA,	  2011).	  Organic	  production	  requires	  that	  the	  birds	  have	  access	  to	  the	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outdoors	  and	  generally	  involves	  a	  lower	  density	  population.	  The	  average	  rearing	  period	  
is	  approximately	  twice	  as	  long	  as	  conventional	  production,	  at	  73	  days	  (El-­‐Shibiny,	  
Connerton,	  and	  Connerton,	  2005).	  These	  differences	  in	  production	  have	  been	  
demonstrated	  to	  impact	  the	  phenotypic	  and	  genotypic	  characteristics	  of	  Campylobacter	  
(Hanning	  et	  al.,	  2010).	  	  	  	  
Roxarsone	  (3-­‐nitro-­‐4-­‐hydroxyphenylarsonic	  acid)	  is	  a	  coccidiostat	  that	  was	  initially	  used	  
in	  conventionally	  reared	  poultry	  and	  swine	  as	  a	  growth	  promoter	  and	  a	  way	  to	  improve	  
pigmentation	  beginning	  in	  the	  1950s	  (Kerr,	  Narveson,	  and	  Lux	  1969;	  Chapman	  and	  
Johnson,	  2002).	  The	  majority	  of	  roxarsone	  is	  excreted	  into	  the	  litter	  unchanged	  where	  it	  
can	  be	  biotransformed	  by	  Clostridia	  spp.	  into	  a	  toxic,	  inorganic	  form	  (Morrison,	  1969;	  
Stolz	  et	  al.,	  2007).	  Because	  chickens	  are	  coprophagic,	  they	  can	  ingest	  the	  newly	  
biotransformed	  inorganic	  arsenic.	  	  The	  potential	  accumulation	  of	  arsenic	  in	  edible	  
tissues	  has	  been	  a	  concern	  since	  the	  early	  1960s	  (Kerr,	  Cavett,	  and	  Thompson	  1963).	  In	  
2009,	  the	  FDA	  began	  a	  study	  on	  roxarsone	  after	  questions	  were	  raised	  as	  to	  whether	  or	  
not	  it	  could	  be	  converted	  into	  the	  toxic,	  inorganic	  form	  of	  arsenic	  (FDA,	  2011(b)).	  After	  
testing,	  they	  advised	  Pfizer	  to	  voluntarily	  stop	  sales	  in	  2011	  (FDA,	  2011(a)).	  Therefore,	  
since	  2011,	  poultry,	  and	  by	  extension	  their	  gut	  microflora,	  have	  not	  been	  exposed	  to	  
roxarsone.	  	  
Roxarsone	  and	  the	  bioconverted	  compounds	  are	  also	  toxic	  to	  bacteria,	  including	  
Campylobacter.	  Resistance	  to	  inorganic	  arsenic	  compounds	  is	  conferred	  by	  the	  ars	  
operon,	  which	  codes	  for	  a	  putative	  membrane	  permease	  (ArsP),	  a	  transcriptional	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repressor	  (ArsR),	  an	  arsenate	  reductase	  (ArsC),	  and	  an	  efflux	  protein	  associated	  with	  
arsenite	  resistance	  (Acr3),	  and	  the	  arsB	  gene,	  separate	  from	  the	  operon,	  encodes	  a	  
membrane	  transporter	  (ArsB)	  (Figure	  3.1.).	  Antibiotic	  selective	  pressure	  typically	  selects	  
for	  resistant	  bacteria,	  and	  discontinued	  use	  of	  antibiotics	  can	  result	  in	  susceptible	  
populations	  of	  bacteria.	  However,	  data	  indicate	  that	  even	  in	  the	  absence	  of	  selective	  
pressure,	  fluoroquinolone	  resistance	  in	  C.	  jejuni	  confers	  a	  fitness	  advantage	  and	  
susceptible	  populations	  are	  outcompeted	  by	  resistant	  genotypes.	  It	  is	  unknown	  whether	  
the	  withdrawal	  of	  roxarsone	  and	  lack	  of	  the	  selective	  pressure	  for	  arsenic	  resistant	  
Campylobacter	  influenced	  the	  presence	  and	  functionality	  of	  arsenic	  resistance	  genes.	  	  
To	  address	  this	  question,	  Campylobacter	  isolates	  were	  collected	  from	  retail	  chicken	  
carcasses	  prior	  to	  and	  after	  the	  roxarsone	  withdrawal.	  The	  isolates	  were	  evaluated	  for	  
the	  presence	  of	  arsenic	  resistance	  genes	  and	  functionality	  assessed	  using	  minimum	  
inhibitory	  concentration	  (MIC)	  and	  gene	  expression	  assays.	  
METHODS	  
Bacterial	  Strains	  and	  Media	  
Campylobacter	  jejuni	  ATCC	  33560	  was	  kindly	  provided	  by	  Dr.	  Jun	  Lin	  from	  the	  
Department	  of	  Animal	  Science	  at	  the	  University	  of	  Tennessee.	  Campylobacter	  were	  
cultured	  on	  Campylobacter	  Line	  Agar	  (CLA;	  (Line,	  2001))	  at	  42°C	  under	  microaerophilic	  
conditions.	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Campylobacter	  Isolation	  from	  Carcass	  Rinses	  
A	  total	  of	  147	  Campylobacter	  isolates	  were	  utilized	  in	  this	  study.	  Eighty-­‐two	  
Campylobacter	  spp.	  isolates	  from	  conventional	  and	  organic	  carcass	  rinses	  were	  obtained	  
prior	  to	  the	  roxarsone	  withdrawal	  (Pre-­‐RW)	  and	  65	  were	  obtained	  Post-­‐withdrawal	  
(Post-­‐RW).	  Conventionally	  and	  organically	  reared	  whole	  broilers	  were	  purchased	  at	  
retail	  stores.	  Campylobacter	  were	  isolated	  using	  a	  modified	  Food	  and	  Drug	  
Administration	  Bacteriological	  Analytical	  Manual	  (FDA	  BAM)	  protocol	  (Hunt,	  Abeyta,	  
and	  Tran,	  2001).	  Whole	  carcasses	  were	  aseptically	  transferred	  from	  their	  packaging	  into	  
sterile	  1-­‐gallon	  Ziploc	  bags.	  Four	  hundred	  milliliters	  of	  Buffered	  Peptone	  Water	  (Becton	  
Dickinson,	  Franklin	  Lakes,	  NJ)	  was	  added	  and	  then	  bags	  were	  sealed.	  The	  carcasses	  were	  
then	  shaken	  by	  hand	  for	  two	  minutes	  to	  dislodge	  the	  bacteria	  from	  the	  surface.	  Fifty	  
milliliters	  of	  rinsate	  were	  pipetted	  into	  50mL	  tubes	  and	  centrifuged	  for	  5min	  at	  8000g.	  
The	  supernatant	  was	  poured	  off	  and	  the	  pellet	  was	  resuspended	  in	  10mLs	  of	  1X	  
Phosphate	  Buffered	  Saline	  (PBS).	  One	  hundred	  microliters	  were	  spread	  plated	  on	  
Campylobacter	  Line	  Agar	  and	  incubated	  for	  48hrs	  at	  42°C	  under	  microaerophilic	  
conditions.	  Presumptive	  colonies	  were	  selected	  and	  frozen	  stocks	  were	  made.	  	  
PCR	  Analysis	  
Identification	  of	  Campylobacter	  Species	  
Determination	  of	  species	  was	  conducted	  using	  species-­‐specific	  PCR	  analysis.	  
Campylobacter	  jejuni	  was	  identified	  using	  primers	  HIP400F	  and	  HIP1134R	  for	  the	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hippuricase	  gene	  (Table	  3.1;	  Linton	  et	  al.,	  1997).	  Campylobacter	  coli	  was	  identified	  using	  
primers	  CC18F	  and	  CC519R	  for	  a	  C.	  coli	  specific	  region	  downstream	  of	  an	  aspartokinase	  
homologous	  sequence	  (Table	  3.1;	  Linton	  et	  al.,	  1997).	  PCR	  reactions	  were	  conducted	  in	  
25μL	  total	  volumes	  using	  Platinum	  Blue	  PCR	  SuperMix	  (Life	  Technologies,	  Grand	  Island,	  
NY)	  according	  to	  the	  manufacturer’s	  directions	  and	  using	  primer	  specific	  annealing	  
temperatures.	  	  
Presence	  of	  Arsenic	  Resistance	  Genes	  
In	  order	  to	  determine	  the	  presence	  or	  absence	  of	  genes	  in	  the	  arsenic	  resistance	  (ars)	  
operon,	  primers	  for	  arsP,	  arsR,	  arsC,	  and	  acr3	  were	  used	  (Wang	  et	  al.,	  2009;	  Table	  3.1).	  	  
An	  additional	  gene	  shown	  to	  confer	  arsenite	  resistance,	  but	  not	  within	  the	  ars	  operon,	  
arsB	  was	  also	  included	  (Shen	  et	  al.,	  2013;	  Table	  3.1).	  PCR	  reactions	  were	  performed	  in	  
25μL	  total	  volumes	  using	  Platinum	  Blue	  PCR	  SuperMix	  (Life	  Technologies)	  according	  to	  
the	  manufacturer’s	  directions	  and	  using	  primer	  specific	  annealing	  temperatures.	  	  
Antimicrobial	  Susceptibility	  Testing	  
The	  minimum	  inhibitory	  concentrations	  (MICs)	  of	  arsenite,	  arsenate,	  and	  roxarsone	  
were	  determined	  for	  all	  isolates	  via	  the	  agar	  dilution	  susceptibility	  testing	  method	  as	  
described	  by	  the	  NCCLS	  (NCCLS,	  2002).	  Twenty-­‐four	  to	  thirty-­‐six	  hours	  prior	  to	  testing,	  
Mueller-­‐Hinton	  (MH)	  agar	  (Oxoid,	  Hampshire,	  England)	  plates	  were	  made	  containing	  5%	  
defibrinated	  sheep	  blood	  (Lampire	  Biological	  Laboratories	  Inc.,	  Pipersville,	  PA)	  and	  10%	  
10X	  arsenical	  dilution	  or	  10%	  sterile	  deionized	  water.	  Arsenite	  dilutions	  were	  prepared	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by	  adding	  2.94mLs	  of	  sterile	  deionized	  water	  to	  11.06mLs	  of	  0.05M	  sodium	  arsenite	  
solution	  (Sigma,	  St.	  Louis,	  MO),	  which	  resulted	  in	  a	  5,120μg/mL	  concentration.	  
Roxarsone	  dilutions	  were	  prepared	  by	  adding	  0.072g	  of	  roxarsone	  (Arcos	  Organics,	  New	  
Jersey,	  USA)	  to	  14mLs	  of	  sterile	  deionized	  water,	  resulting	  in	  a	  5,120μg/mL	  
concentration.	  Arsenate	  dilutions	  were	  prepared	  by	  adding	  0.288g	  of	  arsenic	  acid	  
sodium	  salt	  heptahydrate	  (MP	  Biomedicals,	  Solon,	  OH)	  to	  14mLs	  of	  sterile	  deionized	  
water,	  resulting	  in	  a	  20,480μg/mL	  concentration.	  Ten	  1:2	  dilutions	  were	  prepared	  for	  
each	  arsenical,	  resulting	  in	  a	  tested	  range	  of	  1-­‐512μg/mL	  for	  arsenite	  and	  roxarsone,	  
and	  4-­‐2,048μg/mL	  for	  arsenate.	  	  
Isolates	  were	  cultured	  on	  CLA	  for	  48	  hours	  at	  42°C	  under	  microaerophilic	  conditions	  and	  
then	  passed	  onto	  fresh	  CLA	  24	  hours	  prior	  to	  testing.	  The	  ATCC	  33560	  strain	  was	  
included	  as	  a	  reference.	  Isolates	  were	  suspended	  in	  2mLs	  of	  PBS	  and	  transmittance	  was	  
adjusted	  to	  0.5	  MacFarland	  using	  a	  Vitek	  colorimeter.	  Two	  hundred	  and	  fifty	  microliters	  
of	  suspensions	  were	  then	  pipetted	  into	  wells	  of	  the	  Replicator	  System	  (Oxoid).	  Isolates	  
were	  then	  tested	  by	  touching	  the	  pins	  of	  the	  Replicator	  System	  to	  the	  surface	  of	  the	  
arsenical	  plate.	  Plates	  were	  inoculated	  in	  the	  following	  order:	  no	  arsenical	  control,	  
arsenite	  1μg/mL-­‐512μg/mL,	  no	  arsenical	  control,	  arsenate	  4μg/mL-­‐2,048μg/mL,	  no	  
arsenical	  control,	  roxarsone	  1μg/mL-­‐512μg/mL,	  and	  no	  arsenical	  control.	  Plates	  were	  
then	  incubated	  for	  24	  hours	  at	  42°C	  under	  microaerophilic	  conditions.	  Plates	  were	  then	  
checked	  for	  growth	  and	  MIC	  was	  defined	  as	  the	  lowest	  arsenical	  concentration	  with	  no	  
growth.	  MICs	  were	  repeated	  in	  triplicate.	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Gene	  Expression	  of	  arsC	  and	  acr3	  
Four	  strains	  were	  selected	  for	  gene	  expression	  analysis	  of	  acr3	  and	  arsC	  based	  on	  their	  
differences	  in	  MIC	  for	  arsenite	  (TN25	  and	  TN49)	  and	  arsenate	  (TN41	  and	  TN47).	  The	  
selected	  strains	  were	  cultured	  for	  48hours	  at	  42°C	  under	  microaerophilic	  conditions	  and	  
passed	  24	  hours	  prior	  to	  testing.	  Strains	  were	  then	  adjusted	  to	  ~30%	  transmittance	  in	  
Mueller-­‐Hinton	  (MH)	  broth	  using	  a	  Vitek	  colorimeter.	  Five	  hundred	  microliters	  of	  MH	  
broth	  were	  added	  to	  four	  wells	  of	  a	  12-­‐well	  plate	  as	  controls,	  and	  500uLs	  of	  
arsenite/arsenate,	  adjusted	  to	  0.25MIC,	  were	  added	  to	  four	  additional	  wells.	  Five	  
hundred	  microliters	  of	  suspension	  were	  added	  to	  respective	  wells.	  The	  strains	  were	  
exposed	  to	  either	  arsenite	  or	  arsenate	  for	  16hrs	  in	  MH	  broth	  (Oxoid)	  based	  on	  target	  
gene,	  arsenite	  for	  acr3	  and	  arsenate	  for	  arsC.	  After	  incubation,	  RNA	  was	  extracted	  using	  
the	  RNeasy	  Mini	  Kit	  (Qiagen,	  Valencia,	  CA).	  The	  RNA	  was	  then	  treated	  with	  DNase	  I	  
solution	  (Life	  Technologies)	  for	  one	  hour	  at	  37°C.	  The	  samples	  were	  then	  cleaned	  using	  
the	  RNeasy	  Mini	  Kit.	  RNA	  quality	  and	  quantity	  were	  analyzed	  using	  a	  Nanodrop	  ND-­‐1000	  
(Thermo	  Scientific,	  Wilmington,	  DE).	  	  
RT-­‐PCR	  was	  conducted	  with	  50ng	  of	  template	  RNA	  per	  reaction	  using	  20μL	  reaction	  
volumes	  of	  EXPRESS	  One-­‐Step	  SYBR®	  GreenER™	  Kit,	  with	  premixed	  ROX	  (Life	  
Technologies)	  containing	  100nM	  forward	  and	  reverse	  primers	  for	  arsC,	  acr3,	  or	  the	  16S	  
expression	  control	  (Table	  3.1).	  Samples	  were	  run	  on	  the	  ABI	  7900HT	  Fast	  Real-­‐Time	  PCR	  
System	  using	  an	  annealing	  temperature	  of	  61°C.	  The	  relative	  fold	  changes	  in	  expression	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between	  treated	  and	  untreated	  and	  samples	  were	  calculated	  using	  the	  2−ΔΔCT	  method	  
(Lin	  et	  al.,	  2005).	  
Statistical	  Analysis	  
Fisher’s	  Exact	  tests	  and	  Wilcoxon	  Rank-­‐Sum	  tests	  of	  the	  results	  were	  conducted	  using	  
SAS	  9.4	  (SAS	  Institute	  Inc.,	  Cary,	  NC).	  Gene	  expression	  data	  were	  analyzed	  using	  Excel	  
2011	  (Microsoft,	  Redmond,	  WA).	  	  
RESULTS	  
Identification	  of	  Campylobacter	  Species	  
All	  isolates,	  from	  both	  isolation	  periods	  (Pre-­‐	  and	  Post-­‐roxarsone	  withdrawal	  (Pre-­‐RW	  
and	  Post-­‐RW)),	  were	  analyzed	  for	  the	  presence	  of	  Campylobacter	  jejuni	  and	  coli	  specific	  
genes.	  Pre-­‐RW	  isolates	  contained	  62	  C.	  jejuni	  and	  20	  C.	  coli;	  the	  Post-­‐RW	  isolates	  
contained	  59	  C.	  jejuni	  and	  6	  C.	  coli.	  The	  majority	  of	  the	  Campylobacter	  coli	  was	  isolated	  
from	  organic	  carcasses,	  60%	  and	  67%	  for	  Pre-­‐RW	  and	  Post-­‐RW,	  respectively.	  	  
Prevalence	  of	  Arsenic	  Resistance	  Genes	  
The	  prevalence	  of	  the	  ars	  genes	  within	  the	  isolates	  varied	  between	  isolation	  periods	  and	  
species	  (Table	  3.2.	  and	  Table	  3.3).	  The	  arsP	  gene	  was	  present	  in	  44%	  of	  isolates	  Pre-­‐RW	  
and	  in	  49%	  of	  isolates	  Post-­‐RW,	  but	  was	  only	  found	  in	  Campylobacter	  jejuni.	  No	  
Campylobacter	  coli	  possessed	  arsP.	  This	  gene	  was	  present	  in	  58%	  and	  32%	  of	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conventional	  and	  organic	  isolates,	  respectively,	  Pre-­‐RW,	  and	  was	  significantly	  correlated	  
with	  conventional	  isolates,	  (p=0.0255).	  The	  arsP	  gene	  was	  present	  in	  63%	  and	  41%	  of	  
conventional	  and	  organic	  isolates	  Post-­‐RW,	  but	  there	  was	  no	  correlation	  with	  rearing	  
practice	  found	  (p>0.05).	  
The	  arsR	  gene	  was	  present	  in	  48%	  of	  isolates	  Pre-­‐RW	  and	  in	  26%	  of	  isolates	  Post-­‐RW.	  
The	  arsR	  gene	  was	  significantly	  more	  prevalent	  in	  Campylobacter	  coli	  (69%)	  than	  
Campylobacter	  jejuni	  (31%)	  (p=0.0006).	  Pre-­‐RW,	  58%	  of	  conventional	  and	  39%	  of	  
organic	  isolates	  possessed	  arsR,	  while	  post-­‐RW,	  13%	  of	  conventional	  and	  34%	  of	  organic	  
isolates	  possessed	  arsR.	  The	  presence	  of	  arsR	  in	  conventional	  isolates	  significantly	  
deceased	  between	  Pre	  and	  Post-­‐RW	  (p=0.0005).	  
The	  presence	  of	  arsC	  was	  significantly	  correlated	  with	  acr3,	  as	  neither	  gene	  was	  present	  
without	  the	  other.	  The	  prevalence	  of	  these	  genes	  did	  not	  significantly	  change	  between	  
Pre	  and	  Post-­‐RW	  isolates	  (40%	  and	  35%,	  respectively;	  p>0.05).	  The	  arsC	  and	  acr3	  genes	  
were	  found	  to	  be	  significantly	  correlated	  with	  conventionally	  reared	  birds	  for	  Pre-­‐RW	  
isolates	  (p=0.0133),	  but	  this	  correlation	  was	  lost	  in	  Post-­‐RW	  isolates.	  These	  two	  genes	  
were	  significantly	  more	  prevalent	  in	  Campylobacter	  coli	  (96%,	  p<0.0001)	  compared	  to	  
Campylobacter	  jejuni	  isolates	  (26%).	  	  
The	  arsB	  gene	  was	  found	  to	  be	  significantly	  more	  prevalent	  in	  Post-­‐RW	  isolates	  (71%)	  
compared	  to	  Pre-­‐RW	  isolates	  (50%)	  (p=0.0433).	  This	  gene	  was	  also	  found	  predominantly	  
in	  Campylobacter	  jejuni	  (71%)	  compared	  to	  Campylobacter	  coli	  (4%)	  (p<0.0001).	  No	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correlation	  between	  rearing	  style	  and	  arsB	  presence	  was	  found	  in	  Pre-­‐	  or	  Post-­‐RW	  
isolates	  (p>0.05).	  
	  A	  complete	  ars	  operon,	  defined	  as	  arsP,	  arsR,	  arsC,	  and	  acr3,	  was	  present	  in	  10%	  of	  Pre-­‐
RW	  isolates,	  which	  were	  all	  from	  conventional	  birds	  (p=0.0014).	  In	  Post-­‐RW	  isolates,	  the	  
complete	  operon	  was	  present	  in	  9%	  the	  isolates,	  four	  organic	  and	  two	  conventional,	  but	  
no	  correlation	  to	  rearing	  style	  was	  found	  (p>0.05).	  
Antimicrobial	  Susceptibility	  Testing	  
Statistical	  analysis	  of	  the	  distributions	  of	  arsenical	  minimum	  inhibitory	  concentrations,	  
using	  the	  Wilcoxon	  Rank-­‐Sum	  Test,	  indicated	  that	  Pre-­‐RW	  isolates	  from	  conventionally	  
reared	  birds	  had	  significantly	  higher	  MICs	  for	  the	  three	  arsenical	  compounds	  tested	  
compared	  to	  those	  from	  organically	  reared	  birds	  (p<0.05,	  Figure	  3.2.	  A.,	  B.,	  C.).	  This	  
trend	  was	  not	  observed	  for	  Post-­‐RW	  isolates	  (Figure	  3.3.	  A.,	  B.,	  C.).	  However,	  roxarsone	  
MICs	  for	  isolates	  from	  Post-­‐RW	  conventional	  birds	  were	  still	  significantly	  higher	  than	  
those	  from	  organically	  reared	  birds	  (p=0.004).	  	  
A	  comparison	  of	  Pre-­‐	  and	  Post-­‐RW	  MIC	  distributions	  revealed	  a	  significant	  decrease	  in	  
resistance	  to	  arsenate	  (p=0.0013)	  and	  roxarsone	  (p=0.0011),	  regardless	  of	  rearing	  but	  
not	  for	  arsenite	  resistance	  (p>0.05).	  Arsenate	  and	  roxarsone	  MICs	  were	  not	  significantly	  
different	  for	  Campylobacter	  jejuni	  and	  coli	  (Figure	  3.4.	  A.,	  B.,	  C.).	  However,	  C.	  jejuni	  had	  
significantly	  higher	  arsenite	  resistance	  (p<0.0001).	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Gene	  Expression	  of	  arsC	  and	  acr3	  
Isolates	  TN25	  and	  TN49	  were	  exposed	  to	  arsenite,	  for	  which	  the	  two	  differed	  in	  MIC:	  
8μg/mL	  and	  128μg/mL,	  respectively.	  RT-­‐PCR	  analysis	  of	  gene	  expression	  levels	  for	  acr3,	  
which	  encodes	  an	  arsenite	  efflux	  protein,	  indicated	  a	  slight	  increase	  in	  gene	  expression	  
(2.5	  fold)	  for	  TN49,	  while	  TN25	  showed	  no	  discernable	  response	  to	  the	  exposure	  (Figure	  
3.5	  (A)).	  Isolates	  TN47	  and	  TN41	  were	  exposed	  to	  arsenate,	  for	  which	  their	  MICs	  
differed:	  64μg/mL	  and	  1,024μg/mL,	  respectively.	  Gene	  expression	  levels	  for	  arsC,	  which	  
encodes	  an	  arsenate	  reductase,	  were	  moderately	  increased	  (6.3	  fold)	  for	  TN41,	  while	  
TN47	  had	  little	  response	  to	  the	  arsenate	  exposure	  (Figure	  3.5	  (B)).	  	  	  
DISCUSSION	  
Campylobacter	  jejuni	  was	  the	  dominant	  species	  isolated	  from	  the	  carcasses.	  This	  was	  
unsurprising,	  as	  jejuni	  is	  the	  most	  commonly	  isolated	  species	  from	  broilers	  (Harmon,	  
Ransom,	  and	  Wesley,	  1997;	  Bang	  et	  al.,	  2003).	  	  The	  majority	  of	  Campylobacter	  coli	  was	  
isolated	  from	  organic	  chicken,	  which	  is	  most	  likely	  due	  to	  the	  shift	  in	  Campylobacter	  
populations	  from	  jejuni	  to	  coli	  that	  has	  been	  observed	  in	  chickens	  beyond	  five	  weeks	  of	  
age	  (El-­‐Shibiny,	  Connerton,	  and	  Connerton,	  2005).	  Since	  organic	  poultry	  is	  typically	  
reared	  for	  longer	  periods	  before	  slaughter,	  this	  could	  lead	  to	  the	  observed	  increase	  in	  C.	  
coli	  among	  organic	  isolates,	  which	  has	  also	  been	  reported	  in	  other	  studies	  
(Luangtongkum	  et	  al.,	  2006;	  Cui	  et	  al.,	  2005).	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Our	  data	  indicated	  that	  conventional	  isolates	  Pre-­‐RW	  were	  significantly	  more	  likely	  than	  
organic	  isolates	  to	  possess	  the	  arsenic	  resistance	  genes	  arsP,	  arsC,	  and	  acr3	  (p<0.05).	  
This	  difference	  supports	  our	  hypothesis	  that	  roxarsone	  use	  in	  conventional	  rearing	  
systems	  was	  a	  positive	  selective	  pressure	  for	  arsenic	  resistance.	  In	  the	  absence	  of	  a	  
selective	  pressure,	  the	  susceptible	  genotype	  is	  believed	  to	  be	  a	  fitness	  advantage	  and	  
would	  outcompete	  resistant	  genotypes,	  resulting	  in	  a	  primarily	  susceptible	  population	  
(Austin,	  Kristinsson,	  and	  Anderson,	  1999).	  	  However,	  this	  was	  not	  found	  to	  be	  the	  case,	  
as	  the	  prevalence	  of	  these	  genes	  was	  not	  significantly	  different	  Post-­‐RW	  (p>0.05).	  Thus,	  
the	  fitness	  burden	  of	  carrying	  these	  genes	  must	  not	  be	  high	  enough	  for	  their	  loss	  in	  the	  
absence	  of	  a	  selective	  pressure.	  This	  is	  similar	  to	  fluoroquinolone	  resistance	  in	  
Campylobacter,	  which	  persists	  even	  after	  the	  end	  of	  their	  use	  in	  poultry	  production	  
(Smith	  and	  Fratamico,	  2010).	  
In	  a	  study	  by	  Shen	  and	  others	  (2014),	  a	  correlation	  was	  reported	  between	  arsP	  and	  
roxarsone	  resistance.	  Using	  a	  deletion	  mutant,	  Shen	  and	  others	  reported	  a	  4-­‐fold	  
reduction	  in	  arsenite	  resistance,	  along	  with	  reduced	  resistance	  to	  roxarsone	  (4-­‐fold)	  and	  
arsenate	  (4-­‐fold).	  Contrary	  to	  their	  results,	  we	  found	  a	  statistical	  correlation	  to	  the	  
presence	  of	  arsP	  and	  increased	  arsenite	  resistance	  (p<0.0001).	  Further,	  our	  statistical	  
analysis	  did	  not	  indicate	  a	  significant	  correlation	  between	  arsP	  and	  arsenate	  resistance.	  
However,	  their	  study	  created	  targeted	  mutants	  to	  examine	  the	  role	  of	  arsP	  in	  two	  
Campylobacter	  strains	  and	  our	  study	  examined	  overall	  trends	  among	  populations,	  which	  
could	  explain	  the	  differences	  in	  results.	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While	  the	  arsenic	  resistant	  genotype	  was	  not	  correlated	  with	  rearing	  conditions	  in	  the	  
Post-­‐RW	  isolates,	  the	  phenotype	  for	  higher	  roxarsone	  resistance	  was	  correlated	  with	  
conventional	  isolates	  (p<0.05).	  This	  finding	  is	  in	  agreement	  with	  Sapkota	  and	  others	  
(2006),	  which	  reported	  that	  isolates	  from	  conventional	  poultry	  had	  significantly	  higher	  
resistance	  to	  roxarsone	  (Sapkota	  et	  al.,	  2006).	  However,	  overall	  roxarsone	  and	  arsenate	  
resistance	  significantly	  decreased	  from	  Pre-­‐	  to	  Post-­‐RW	  (p=0.0013	  and	  p=0.0011,	  
respectively).	  As	  presence	  of	  arsP	  and	  arsC	  did	  not	  significantly	  decrease	  (p>0.05),	  but	  
MICs	  did,	  this	  could	  indicate	  a	  loss	  of	  function	  in	  the	  genes.	  	  
In	  a	  study	  by	  Wang	  and	  colleagues,	  arsC	  and	  acr3	  were	  identified	  as	  an	  arsenate	  
reductase	  and	  a	  membrane	  transporter	  for	  arsenite,	  respectively	  (Wang	  et	  al.,	  2009).	  In	  
our	  study,	  we	  found	  a	  significant	  correlation	  between	  the	  presence	  of	  arsC	  and	  acr3	  and	  
increased	  arsenate	  and	  arsenite	  resistance	  for	  Campylobacter	  jejuni	  isolates,	  which	  
supports	  the	  finding,	  by	  Wang	  and	  others,	  that	  these	  genes	  mediate	  arsenate	  and	  
arsenite	  resistance.	  However,	  this	  was	  not	  true	  for	  the	  Campylobacter	  coli	  isolates.	  Only	  
increased	  arsenate	  resistance	  was	  correlated	  with	  the	  presence	  of	  arsC	  and	  acr3.	  This	  is	  
an	  interesting	  result,	  as	  our	  data	  indicated	  a	  significant	  correlation	  with	  these	  genes	  and	  
Campylobacter	  coli,	  which	  was	  similarly	  observed	  by	  Noormohamed	  and	  Fakhr	  (2013).	  A	  
possible	  explanation	  for	  this	  discrepancy	  is	  that	  C.	  coli	  possesses	  a	  genetic	  mutation	  in	  
acr3	  rendering	  it	  unable	  to	  properly	  bind	  or	  transport	  arsenite.	  	  
Like	  Shen	  and	  colleagues,	  our	  data	  indicate	  that	  arsB	  contributes	  to	  arsenite	  resistance	  
(p<0.05)	  (Shen	  et	  al.,	  2013).	  Interestingly,	  of	  the	  87	  isolates	  with	  arsB	  present,	  only	  one	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was	  C.	  coli.	  This	  finding	  is	  supported	  by	  the	  study	  by	  Noormohamed	  and	  Fakhr,	  which	  
reported	  none	  of	  the	  C.	  coli	  (109)	  isolates	  examined	  contained	  arsB	  (Noormohamed	  and	  
Fakhr,	  2013).	  This	  could	  indicate	  that	  arsB	  is	  a	  gene	  specific	  to	  C.	  jejuni	  and	  that	  this	  arsB	  
positive	  C.	  coli	  represents	  an	  example	  of	  interspecies	  genetic	  exchange	  that	  has	  been	  
found	  in	  agricultural	  Campylobacter	  spp.	  (Sheppard	  et	  al.,	  2013).	  
As	  mentioned	  before,	  an	  overall	  decrease	  in	  arsenate	  and	  roxarsone	  MICs	  was	  observed	  
for	  isolates	  Post-­‐RW	  (p<0.05),	  but	  this	  was	  not	  correlated	  with	  a	  reduction	  in	  the	  
prevalence	  of	  these	  genes	  Post-­‐RW	  (p>0.05).	  This	  could	  indicate	  that	  some	  of	  the	  genes	  
within	  the	  population	  have	  become	  non-­‐functional.	  The	  presence	  of	  non-­‐functional	  ars	  
genes,	  within	  the	  Campylobacter	  population	  examined,	  is	  supported	  by	  the	  gene	  
expression	  results.	  A	  correlation	  was	  found	  between	  lower	  arsenite	  or	  arsenate	  MIC	  and	  
decreased	  gene	  expression	  for	  acr3	  or	  arsC.	  Additionally,	  the	  strains	  that	  were	  tested	  
with	  the	  lower	  MICs	  were	  also	  found	  to	  have	  little	  or	  no	  up-­‐regulation	  of	  the	  target	  gene	  
upon	  exposure	  to	  the	  arsenite	  or	  arsenate,	  indicating	  a	  non-­‐functional	  gene	  or	  an	  
inability	  to	  transcribe	  the	  gene	  upon	  exposure.	  Wang	  and	  colleagues	  determined	  that	  
arsR	  encodes	  a	  transcriptional	  repressor	  that	  specifically	  binds	  arsenite	  (Wang	  et	  al.,	  
2009).	  As	  all	  strains	  examined	  for	  gene	  expression	  possessed	  a	  complete	  ars	  operon,	  
which	  includes	  arsR,	  a	  mutation	  in	  the	  arsenite-­‐binding	  site	  of	  the	  transcriptional	  
repressor	  (ArsR)	  could	  cuase	  it	  to	  remain	  on	  the	  promoter	  region,	  even	  in	  the	  presence	  
of	  arsenite.	  This	  would	  lead	  to	  a	  non-­‐expressive	  phenotype	  and	  explain	  the	  lower	  MIC	  
and	  lack	  of	  expression	  observed	  in	  this	  study.	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  CONCLUSIONS	  
Roxarsone	  was	  removed	  from	  the	  market	  due	  to	  fears	  of	  arsenic	  in	  poultry	  products.	  
Beyond	  arsenic	  in	  the	  meat	  of	  poultry,	  it	  appears	  that	  roxarsone	  also	  caused	  a	  selective	  
pressure	  on	  Campylobacter	  that	  resulted	  in	  increased	  arsenic	  resistance.	  If	  the	  arsenic	  
resistance	  genes	  are	  a	  large	  enough	  fitness	  burden	  on	  the	  bacteria,	  then	  the	  loss	  of	  a	  
selective	  pressure	  should	  lead	  to	  a	  loss	  of	  these	  genes.	  However,	  loss	  of	  arsenic	  
resistance	  genes	  was	  not	  observed	  in	  isolates	  post	  roxarsone	  withdrawal,	  but	  an	  overall	  
reduction	  in	  arsenate	  and	  roxarsone	  resistance	  was	  observed,	  indicating	  a	  trend	  similar	  
to	  that	  seen	  after	  the	  end	  of	  fluoroquinolone	  use	  in	  poultry,	  which	  found	  a	  decrease	  in	  
resistance,	  but	  not	  a	  complete	  reversion	  to	  susceptibility.	  Presence	  of	  these	  genes	  also	  
shifted	  from	  being	  correlated	  with	  conventional	  isolates	  Pre-­‐RW	  to	  uncorrelated	  with	  
either	  organic	  or	  conventional	  rearing	  practices	  Post-­‐RW.	  However,	  roxarsone	  
resistance	  was	  still	  found	  to	  be	  higher	  in	  conventional	  isolates,	  which	  may	  indicate	  a	  
lingering	  correlation	  to	  its	  prior	  use	  in	  conventional	  rearing	  practices.	  Overall,	  it	  appears	  
that	  roxarsone	  withdrawal	  reduced	  arsenate	  and	  roxarsone	  resistance	  in	  
Campylobacter,	  but	  has	  not	  yet	  led	  to	  the	  loss	  of	  these	  genes	  from	  the	  Campylobacter	  
genome.	  The	  presence	  of	  low	  levels	  of	  arsenic	  in	  the	  environment,	  may	  partially	  explain	  
the	  persistence	  of	  these	  genes,	  but	  a	  continued	  reduction	  in	  overall	  resistance	  levels	  
could	  occur	  without	  the	  selective	  pressure	  of	  roxarsone.	  Further	  monitoring	  of	  these	  
genes	  and	  resistance	  profiles	  in	  new	  isolates	  will	  be	  required	  to	  determine	  if	  this	  is	  the	  
case.	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APPENDIX	  
Table	  3.1.	  Primers	  sequences	  used	  for	  PCR	  and	  RT-­‐PCR	  to	  determine	  species,	  the	  
presence	  or	  absence	  of	  arsenic	  resistance	  genes,	  and	  expression	  levels	  of	  specific	  
arsenic	  resistance	  genes.	  	  
Gene	  	   Primer	  Name	   Sequence	  5’	  to	  3’	   Reference	  
	   PCR	   	  
hipO	  
HIP400F	   GAAGAGGGTTTGGGTGGTG	  
Linton	  et	  al.,	  1997	  
HIP1134R	   AGCTAGCTTCGCATAATAACTTG	  
C.	  coli	  
ORF	  
CC18F	   GGTATGATTTCTACAAAGCGAG	  
CC519R	   ATAAAAGACTATCGTCGCGTG	  
arsR	  
ArsRF1	   AGGAGGATCCATGCAAAAATTTTTAAC	  
Wang	  et	  al.,	  2009	  
ArsRR1	   AATGCCCGGGTCATTTATCGTTCT	  
arsC	  
arsCF	   ATGAAACTTGCATTTATTTGTATT	  
arsCR	   CTAACATGTAAAGTCCTTAAGAGAA	  
acr3	  
cje1733F	   ATGTTAGGTTTTATCGATAGAT	  
cje1733R	   TCATGAGGCTTGATTCATTTTT	  
arsP	  
S1730-­‐F	   TATTTACTGAGCTTTCTGTACTTT	  
Shen	  et	  al.	  2014	  
S1730-­‐R	   TAGCCACGCCTAAAATAATC	  
arsB	  
ArsB56F	   GGAATTTACCTATTTGGGTAT	  
Shen	  et	  al.	  2013	  
ArsB1185R	    	  ATATTAATGCCTTTTCTAGCC	  
	   RT-­‐PCR	   	  
arsC	  
arsC55F	   GCACTAGCTAGGCATAAAGCTGA	   	  
arsC146R	   GCCTGTGAATTTACACCCTTAGA	   	  
acr3	  
1733F1	   CTCTTATCACCCTGCTAGCAACT	  
Wang	  et	  al.,	  2009	  
1733R1	   AAGCTTCTAAAGGCAGGTGAAAT	  
16S	  
16SF	   TACCTGGGCTTGATATCCTA	  
Lin	  et	  al.,	  2005	  
16SR	   GGACTTAACCCAACATCTCA	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Table	  3.2.	  Number	  of	  Campylobacter	  isolates	  possessing	  ars	  genes	  isolated	  from	  retail	  
chicken	  carcasses	  prior	  to	  (Pre-­‐RW)	  and	  after	  (Post-­‐RW)	  roxarsone	  withdrawal	  from	  
conventional	  poultry	  production.	  	  
	  
Number	  
of	  Isolates	   arsP	   arsR	   arsC	   acr3	   arsB	  
Pre-­‐RW	   	   	   	   	   	   	  
Conventional	   38	   22	  (58%)a1	   22	  (58%)a	   21	  (55%)a	   21	  (55%)a	   20	  (53%)ab	  
Organic	   44	   14	  (32%)b	   17	  (39%)a	   12	  (27%)b	   12	  (27%)b	   21	  (48%)b	  
Total	   82	   36	  (44%)A	   39	  (48%)A	   33	  (40%)A	   33	  (40%)A	   41	  (50%)A	  
Post-­‐RW	   	   	   	   	   	   	  
Conventional	   24	   15	  (62%)a	   3	  (13%)b	   9	  (38%)ab	   9	  (38%)ab	   19	  (79%)a	  
Organic	   41	   17	  (41%)ab	   14	  (34%)ab	   14	  (34%)ab	   14	  (34%)ab	   27	  (66%)ab	  
Total	   65	   32	  (49%)A	   17	  (26%)B	   23	  (35%)A	   23	  (35%)A	   46	  (71%)B	  
1	  Lower	  case	  letters	  in	  the	  same	  column	  indicate	  significant	  differences	  (p<0.05).	  
2	  Upper	  case	  letters	  in	  the	  same	  column	  indicate	  significant	  differences	  (p<0.05).	  
	  
Table	  3.3.	  Number	  of	  Campylobacter	  jejuni	  and	  Campylobacter	  coli	  isolated	  from	  retail	  
chicken	  carcasses	  possessing	  ars	  genes.	  	  
Species	   Number	  of	  Isolates	   arsP	   arsR	   arsC	   acr3	   arsB	  
C.	  jejuni	   121	   68	  (56%)a1	   37	  (31%)a	   31	  (26%)a	   31	  (26%)a	   86	  (71%)a	  
C.	  coli	   26	   0	  (0%)b	   19	  (73%)b	   25	  (96%)b	   25	  (96%)b	   1	  (4%)b	  
1	  Lower	  case	  letters	  in	  the	  same	  column	  indicate	  significant	  differences	  (p<0.05).	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Figure	  3.1.	  A	  diagram	  of	  the	  mechanisms	  in	  Campylobacter	  used	  to	  eliminate	  roxarsone	  
(Rox)	  from	  the	  cell	  (ArsP),	  to	  reduce	  arsenate	  to	  arsenite	  (ArsC),	  and	  to	  eliminate	  
arsenite	  from	  the	  cell	  (Acr3,	  ArsB)	  (Adapted	  from	  Shen	  et	  al.,	  2013).	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Figure	  3.2.	  Distribution	  of	  minimum	  inhibitory	  concentrations	  arsenite	  (A),	  arsenate	  (B),	  
and	  roxarsone	  (C)	  in	  Campylobacter	  obtained	  from	  retail	  poultry	  carcasses	  raised	  
organically	  (44)	  and	  conventionally	  (38)	  prior	  to	  the	  withdrawal	  of	  roxarsone	  from	  
conventional	  poultry	  production.	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Figure	  3.2.	  Continued.	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Figure	  3.2.	  Continued.	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Figure	  3.3.	  Distribution	  of	  minimum	  inhibitory	  concentrations	  arsenite	  (A),	  arsenate	  (B),	  
and	  roxarsone	  (C)	  in	  Campylobacter	  obtained	  from	  retail	  poultry	  carcasses	  raised	  
organically	  (41)	  and	  conventionally	  (24)	  after	  the	  withdrawal	  of	  roxarsone	  from	  
conventional	  poultry	  production.	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Figure	  3.3.	  Continued.	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Figure	  3.3.	  Continued.	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Figure	  3.4.	  Distribution	  of	  minimum	  inhibitory	  concentrations	  arsenite	  (A),	  arsenate	  (B),	  
and	  roxarsone	  (C)	  in	  Campylobacter	  jejuni	  (121)	  and	  Campylobacter	  coli	  (26)	  obtained	  
from	  retail	  poultry	  carcasses.	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Figure	  3.4.	  Continued.	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Figure	  3.4.	  Continued.	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Figure	  3.5.	  (A)	  Expression	  levels	  of	  acr3	  determined	  by	  RT-­‐PCR	  of	  TN25	  and	  TN49	  
exposed	  to	  arsenite.	  TN25	  was	  had	  an	  arsenite	  MIC	  of	  8ug/mL,	  while	  TN49	  had	  an	  MIC	  
of	  128ug/mL.	  (B)	  Expression	  levels	  of	  arsC	  determined	  by	  RT-­‐PCR	  of	  TN47	  and	  TN41	  
exposed	  to	  arsenate.	  TN47	  was	  had	  an	  arsenate	  MIC	  of	  64ug/mL,	  while	  TN49	  was	  had	  
an	  MIC	  of	  1,024ug/mL.	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Figure	  3.5.	  Continued.	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Conclusions	  
Examination	  of	  three	  genotyping	  methods	  used	  in	  this	  work	  found	  that	  the	  
relationship	  among	  the	  ten	  Campylobacter	  jejuni	  strains	  was	  specific	  to	  one	  of	  the	  three	  
typing	  methods	  utilized	  and	  none	  of	  the	  typing	  methods	  completely	  agreed	  on	  the	  
clonal	  relationship	  among	  the	  strains.	  Whole	  genome	  sequencing	  provided	  unique	  
genotyping	  data	  including	  genome	  size,	  percent	  G-­‐C	  content,	  and	  identification	  of	  
genomic	  rearrangements.	  Due	  to	  the	  genomic	  variability	  and	  plasticity	  of	  C.	  jejuni,	  
genotyping	  methods	  such	  as	  MLST	  and	  flaA	  typing	  would	  not	  be	  able	  to	  detect	  gene	  
rearrangements	  and	  could	  falsely	  identify	  different	  strains	  as	  clones.	  Whole	  genome	  
sequencing	  also	  provided	  further	  data	  mining	  opportunities	  to	  identify	  genes	  relating	  to	  
survival,	  virulence,	  and	  pathogenesis	  by	  comparing	  sequences	  of	  strains.	  In	  our	  study,	  
whole	  genome	  sequencing	  identified	  variations	  in	  arsenic	  resistance	  between	  
Campylobacter	  from	  conventional	  and	  organic	  poultry.	  
	  This	  discovery	  led	  to	  further	  characterization	  of	  arsenic	  resistance	  within	  
Campylobacter	  isolated	  from	  organic	  and	  conventional	  poultry	  carcasses.	  Roxarsone,	  an	  
organoarsenical	  coccidiostat	  used	  in	  conventional	  poultry	  production,	  was	  identified	  as	  
a	  selective	  pressure	  for	  arsenic	  resistance.	  Arsenic	  resistance	  genes	  were	  present	  in	  
isolates	  from	  after	  roxarsone’s	  withdrawal,	  but	  an	  overall	  reduction	  in	  arsenate	  and	  
roxarsone	  resistance	  was	  observed.	  Presence	  of	  arsenic	  resistance	  genes	  also	  shifted	  
from	  being	  correlated	  with	  conventional	  isolates	  prior	  to	  roxarsone	  withdrawal,	  to	  
uncorrelated	  with	  either	  organic	  or	  conventional	  rearing	  practices	  after	  its	  withdrawal.	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However,	  resistance	  to	  roxarsone	  was	  higher	  in	  conventional	  isolates,	  which	  may	  be	  a	  
residual	  effect	  of	  the	  use	  of	  this	  coccidiostat	  in	  conventional	  rearing	  practices.	  Overall,	  it	  
appears	  that	  roxarsone	  withdrawal	  reduced	  arsenate	  and	  roxarsone	  resistance	  in	  
Campylobacter,	  but	  has	  not	  led	  to	  the	  loss	  of	  these	  genes	  from	  the	  Campylobacter	  
genome.	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